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FOREWORD 

The work described herein w a s  performed by Atomics 

International, a Division of North American Rockwell Corporation, 

under Contract NAS3- 1442 1, with Mr. Paul G. Klann, Nuclear 

Systems Division, NASA Lewis Research Center, as Project  

Manager. This work represents a continuation of a program 

which was reported in NASA-CR-72820 under ContractNAS3- 12982. 
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ABSTRACT 

A zero-power cri t ical  assembly was designed, constructed, 

and operated under a previous NASA-funded program for the pur- 

pose of conducting a ser ies  of benchmark experiments dealing 

with the physics character is t ics  of a UN-fueled, Li  -cooled, Mo- 

reflected, drum-controlled compact fast  reactor  for use with a 

space-power electr ic  conversion system (see NASA-CR-72820). 

The range of the previous experimental investigations has  been 

expanded to include the reactivity effects of (1) surrounding the 

reactor  with 15.24 cm (6 in.) of polyethylene, (2 )  reducing the 

heights of a portion of the upper and lower axial reflectors by 

factors of 2 and 4, (3) adding 45 kg of W to the core  uniformly in 

two steps, (4) adding 9.54 kg of Ta to the core uniformly, and (5) 

inserting 2.3 kg of polyethylene into the core  proper and deter-  

mining the effect of a T a  addition on the polyethylene worth. In 
addition, a determination of the spectrum at the core-reflector 

interface was made. Finally, the power distribution, control 

characterist ics,  and crit ical  mass  of a vers ion of the reactor  

using 6 unfueled, B4C-loaded control drums were ascertained. 
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SUMMARY 

A zero-power cri t ical  assembly was designed, constructed, and operated 

under a previous NASA-funded program for the purpose of conducting a s e r i e s  

of benchmark experiments dealing with the physics character is t ics  of a UN- 

fueled, Li7-cooled, Mo-reflected, drum-controlled compact fast reactor  fo r  

use with a space power electr ic  conversion system (see Reference 1). The 

crit ical  assembly, which is a close geometrical simulation of the reference 

reactor,  consists of a close packed, six-pointed, star-shaped a r r a y  of 181 Ta- 

clad pin-type elements fueled with uranium metal and surrounded axially and 

radially by a Mo reflector. 

a r e  six control drums each containing eleven fuel elements, a Mo reflector, 

and a Ta absorber segment. 

Nested between the points of the star-shaped core 

The initial experimental program, which was reported in NASA-CR-72820, 

consisted basically of measuring the differential neutron spectra  and the changes 

in cri t ical  mass that accompanied the stepwise addition of Li 7N (used to simu- 

late the Li coolant and the nitride in the fuel of the reference reactor) ,  Hf, Ta, 
and W to a basic core which had a uniform distribution of uranium fuel. In addi- 

tion, studies were car r ied  out on power distributions, control characterist ics,  

neutron lifetime, and reactivity worths of numerous absorber,  structural ,  and 

scattering materials.  A three -zoned, power -flattened configuration was also 

assembled and tested to determine various physics parameters.  

3 7 

The objectives of the current  program a r e  to provide additional experimental 

data on the physics and safety characterist ics of the reference reactor.  

ticular, the range of experimental investigations has  been expanded to include 

the reactivity effects of (1) surrounding a power-flattened version of the reactor  

on top, bottom, and sides with 15.24 cm (6 in.) of polyethylene; (2)  reducing the 

In par -  

I lengths of portions of the upper and lower axial reflectors in a uniformly loaded 

core by factors of 2 and 4; (3) adding 45 kg of W to the core  uniformly in two 

steps; (4) adding 9.54 kg of Ta to the core uniformly; and (5)  inserting 2.3 kg of 

I polyethylene into the core proper. In addition, a determination of the spectrum 

at the core-reflector interface was made. Finally, the power distribution, con- 

t ro l  characterist ics,  and crit ical  mass  of a version of the reactor  incorporating 
six unfueled B C-loaded control drums were measured. 

I 

I 
I 

I 
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By surrounding the power-flattened version of the cylindrical reactor on the 

sides, top, and bottom by an approximately 15.24-cm(6-in.)-thick polyethylene 

shield, an increase in the system reactivity of $1.06 was observed. 

of the entire top section of the polyethylene shield as  well a s  a portion of the lower 

section decreased the reactivity of the system by 15.66. 

each drum in the fully- shielded core averaged $2.37 and the measuredworth of all 

drums was found to be $15.36, both values being essentially identical to the cor -  

responding results for the power flattened core without the polyethylene shield 

in place. 

The removal 

The reactivity worth of 

The reduction of the height of the cylindrical par t  of the two-piece axial Mo 

reflector from 10.00 cm (3.94 in.) to 4.90 cm (1.93 in.) in a uniformly loaded 

version of the reactor reduced the system reactivity by about $1.57, whereas 

a reduction in the cylindrical part  f rom 4.90 c m  (1.93 in.) to 2.45 c m  (0.97 in.) 

resulted in a decrease in reactivity of $1.31. The height of the annular Mo r e -  

flector piece was left unchanged for these measurements. Similarly, a reduc- 

tion in reactivity occurred upon adding 9.54 kg of Ta to a uniformly loaded ver -  

sion of the core already containing large quantitites of Ta and incorporating full- 

length axial reflectors. 

be worth -17.66. The addition of W to a uniformly loaded version of the core  

added reactivity, the values being t71.66 for 29.4 kg and t$1.22 for 44.5 kg. 

tungsten was in the core pr ior  to these additions. 

In the latter case, the Ta that was added was found to 

No 

In o rde r  to simulate reactivity effects that accompany a hypothetical flooding 

of the core, 360 polyethylene s t r ips  (2.3 kg) were added more  o r  l e s s  uniformly 

to the core in several steps. 

(6.193 gm)  was found to be about 1.166, thus indicating a total reactivity change 

for all s t r i p s  of about $4.11. 

In general, the reactivity worth of each s t r ip  

A measurement of the differential neutron spectrum a t  the interface of the 

core and upper reflector of a uniformly loaded version of the core  was conducted 

and showed a spectrum very similar to that previously determined at the center 

of the same core configuration, although some flattening of the peak in the 400 

to 800 kev region may be in evidence. 

A version of the reference reactor  incorporating s ix  unfueled control drums 

was assembled using B C in the volume of the drum previously occupied by fuel, 4 

2 



and Mo plates in the volume of the drum previously occupied by Ta. 

mass  of 141.43 kg of U was measured, where the fueled zone corresponded to 

the 181 stationary fuel elements in the reference design and the B4C section in 

each drum was turned full-out. 

was found to be about $1.93, and the worth of all  drums ganged was determined 

to be $1 1.98. F rom a power distribution measurement, the ratio of the power 

a t  the core center to the power at the outer edge of the B4C drum sector a t  the 

midplane was found to be 9.15 when the drum was turned such that the B4C was 

full-out. 

orientation, was 4.1 0. 

A cr i t ical  

The average worth of one B C control drum 4 

This ratio, a s  i t  applied to the inner edge of the B C sector in the same 4 

In general  the experimental results were in  reasonably good agreement with 

values calculated by NASA. 

ment that duplicated a previous measurement was conducted, the agreement be- 

tween comparable values was very good. 

Whenever, in the course of this program, an experi- 

3 





1. INTRODUCTION 

A. BACKGROUND 

The National Aeronautics and Space Administration has initiated a program 

for the purpose of designing a compact fast reactor  for use in the generation of 

e lectr ic  power in space. 

expected to operate at several  megawatts, and is characterized by the exclusive 

use of high-temperature, high-strength refractory mater ia ls  for structural, 

cladding, and reflecting purposes, The design goals for the reactor call for 

operation at high temperatures (1273°K) for periods of time of the order  of 5 

years .  

The reactor,  which employs advanced concepts, is 

An extensive se r i e s  of neutronic calculations is being car r ied  out by NASA 

on a reference design of one such reactor, a design that consists of a close- 

packed a r r a y  of T-111 honeycomb tubes into which fuel pins a r e  placed. 

T-111 tubes a r e  2.1 59 cm (0.850 in.) in outside diameter (OD) and have a wall 

thickness of 0.0254 c m  (0.010 in.). 

ing which i s  1.905 c m  (0.750 in,) OD, has a wall thickness of 0.147 c m  (0.058 in.), 

and is lined on the inside with a 0.013-cm(0.005-in.) thickness of W. Into this 

tubing is placed highly enriched hollow cylinders of uranium nitride (UN) fuel, 

the total height of which is about 37.59 cm (14.8 in.). 

make up the stationary core and another 66 fuel pins a r e  located in a se r i e s  of 

s ix  cylindrical control drums (11 fuel pins in each). 

turned full-in, the core  is roughly cylindrical in shape and has an effective 

diameter of about 35.5 c m  (14 in.). Each control drum, which is about 14.6 c m  

(5.75 in.) in diameter and 60.2 c m  (23.7 in.) high, also contains a massive TZM 

reflector which separates  the fuel cluster f rom a T-111 absorber segment. The 

reference reactor  is  reflected axially by about 5.08 c m  (2 in.) of TZM and radi-  

ally by an  effective 7.62-cm(3-in.) thickness of TZM 

These 

The fuel pin is  also comprised of T-111 tub- 

A total of 181 fuel pins 

With the fuel in the drums 

I 

I 
I Considering end-fittings on fuel pins and including the axial and radial  re- 

flectors, the overall height and diameter of the core a r e  both about 55.88 c m  

(22 in.). The reactor is surrounded by a T-111 pressure  vessel. Lithium-7 
7 (Li  ) is proposed as the reactor coolant and flows principally in an annular 

space between the fuel pin and the honeycomb tube. 

I 
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B. SCOPE O F  PREVIOUS PROGRAM 

Atomics International, under contract to NASA, designed, built, and oper- 

ated under a previous program a zero-power cri t ical  assembly that was a close 

geometrical mockup of this particular reference de sign. That experimental 

program, which is described in detail in Reference 1, consisted of measuring 

the differential neutron spectra and the changes in cri t ical  m a s s  that accom- 

panied the step-wise addition of the various refractory and coolant mater ia ls  

noted above to a basic core that was comprised solely of tantalum (Ta)  and fully- 

enriched uranium ( U )  metal uniformly distributed throughout the core. 

containing all of the mater ia ls  anticipated for use in the reference reactor were 

also used for determining: 

power distribution; ( 3 )  the reactivity worths of a wide variety of absorber,  scat-  

tering, 

(5) a variety of other information, such a s  neutron lifetime and decay constants, 

that pertains to dynamic and operating behavior of the reference reactor. 

Cores  

(1) the effects of fuel motion in the core ;  ( 2 )  the 

and structural  mater ia ls  ; (4) certain core control character is t ics ;  and 

A redistribution of the uranium fuel was car r ied  out for the purpose of 

achieving a three -zoned, power-flattened core. The resulting configuration 

was used to measure the new power distribution not only for the case in which 

.all drums were turned to the fuel-full-in position, but also for the case in which 

the drums were turned to achieve a decrease in K of 1.5010. 

of this power-flattened core was measured for the condition corresponding to 

all  drums in, and for the condition corresponding to four drums in and two drums 

out. The reactivity changes accompanying the rotation of single drums, two dia- 

metrically opposing drums, five drums, and all  drums f rom full-in to full-out 

were also determined, as  was the reactivity control available in all drums with 

the Ta absorber segments removed. 

The crit ical  m a s s  

C. SCOPE O F  PRESENT PROGRAM 

The experimental program that is described in this report  utilized the same 

crit ical  assembly and the same experimental techniques as were employed pre - 
viously, represented an extension of the initial scope of work, and involved in- 

vestigations of various reactor physics parameters  that were closely related to 

those studied under the previous contract. Specifically, the experimental pro- 

g ram involved a measurement of reactivity changes associated with surrounding 
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the three-zoned, power-flattened core with no l e s s  than a 15.24-cm(6-in.)-thick 

polyethylene shield on sides, top, and bottom. 

reactivity change that a rose  f rom the upper and lower axial portions of the 

shield was also measured. 

power distributions in a one-twelfth sector of the core were determined in  detail 

and the control characterist ics of a single drum as well as all drums ganged 

were ascertained. 

The contribution to the total 

In the fully shielded condition, the axial and radial 

The crit ical  assembly was further reconfigured to achieve a core composi- 

tion essentially identical to Composition 2 of the previous experimental program. 

This core contained only Ta (in the form of fuel and honeycomb tubes), Li3 N, 

and fuel, and the upper and lower axial reflectors were lO.OOcm(3.94 in.) thick. 

The solid cylinders of molybdenum (Mo) that make up 55.1% by weight of the 

upper and lower axial reflectors were then reduced in length from 10.00 c m  

(3.94 in.) to 4.90 c m  (1.93 in.) to 2.45 cm (0.97 in.) and the reactivity changes 

associated with these two reductions were measured. 

measurement  that emphasized the axial distribution was also conducted for the 

core  with the 4.90-cm(1.93-in.)-long reflector segments in place and for the core 

with the 2.45-cm(0.97-in.) reflectors in place. 

7 

A power distribution 

Upon restoring the axial reflector segments to nearly full height, the reac-  

tivity effects of carrying out a uniform addition of tungsten (W) metal  to the core 

were determined. 

(0.1 8O-in.)-diam by 37.53-cm(14.77-in.)-long rods. Subsequently an additional 

15.1 kg of W were added in  the form of 0.0051 -cm(O.O.OZ-in.)-thick foil to bring 

the total W loading to 44.5 kg. 

Initially 29.4 kg of W were added in the fo rm of 0.457-cm 

The W metal  was then removed f r o m  the core and measurements were made 

to ascer ta in  the reactivity worth of a uniform addition of 9.54 kg of Ta in the 

form of wire  0.279cm (0.110 in.) diam by 37.39cm (14.72 in.) long. This addi- 

tional Ta brought the total quantity of T a  in the core  proper to approximately 

59.63 kg. I 

The core was again returned to the Composition 2 configuration, and a spec- 

, t rum measurement was conducted by means of a proton-recoil spectrometer. 

The spherical  proton-recoil detector w a s  located, for this measurement,  on the 

axis of the core  a t  the interface of the core  and upper axial Mo reflector. The 
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distribution of neutrons was measured f rom about 40 kev to 2.3 MeV, using two- 

parameter  analysis at the lower end of the spectrum. 

A version of the reference reactor involving a non-fueled control d rum was 

next investigated on the present program. 

drums normally occupied by eleven standard fuel elements was filled by pow- 

dered B C compacted to a density of about 65% theoretical in an aluminum canis- 

ter. 
absorber segment was filled by another aluminum canister into which 0.318-cm 

(0.125-in.)-thick Mo plates, each about 58.67 c m  (23.10 in.) long, were placed. 

The fuel loading in  each of the remaining 181 fuel elements in the stationary 

par t  of the core was adjusted to achieve a uniformly loaded crit ical  configura- 

tion. The resulting core arrangement was then used to determine the control 

characterist ics of the reactor, first for the rotation of individual drums and 

then for the rotation of all drums simultaneously. 

distributions in this configuration were investigated in detail, not only in the 

active core but also in the B C sector of the control drum. 

The volume in each of the six control 

4 
That portion of each of the six drums normally occupied by the massive Ta 

The radial and axial power 

4 
Finally, the cri t ical  assembly was restored to i t s  former fueled-control- 

drum condition and studies were performed to determine the reactivity effects 

of adding polyethylene to the core  proper. 

was made to conform to that previously designated Composition 4A, i.e., the 

core contained Ta En the fo rm of fuel and honeycomb tubes, in the fo rm of foil, 

and in  the form of 0.279-cm(0.11O-in.)-diam by 37.39-cm(14.72-in.)-long wire], 

Li37N, Hf foil, and fuel. A total of 360 polyethylene strips,  each triangular in 

c ros s  section, was inserted in the core  in the intersti t ial  positions between 

honeycomb tubes. 

generally in  groups of 120 were determined. The se r i e s  of measurements was 

repeated after two Ta wires  each 0.152 c m  (0.060 in.) in diameter by 37.47 c m  

(14.75 in.) long were added to each fuel cluster. 

D. PURPOSE O F  THE CURRENT WORK 

The loading of the 247 fuel elements 

The reactivity changes associated with adding these s t r ips  

The purpose of both this and the previous program was to conduct a well- 

defined and accurate se r i e s  of core physics experiments, the resul ts  of which 

can be used a s  a fundamental se t  of benchmarks against which current  and future 

calculational techniques for this type of reactor  can be checked. 
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Since the types, masses ,  purities, and locations of all  mater ia l s  making up 

the various compositions were carefully controlled and monitored, a very de- 

tailed and accurate geometrical and material  representation of the core i s  avail- 

able. 

between experimental and analytical data. 

assembly is  a reasonably close geometrical and mater ia l  mockup of the re fer -  

ence reactor,  many control, safety, and operating parameters  a r e  more o r  l e s s  

directly applicable to an operating reactor. 

new mater ia ls  in a step-wise fashion to a reasonably I1cleanl1 assembly (in te rms  

of mater ia l  composition), the adequacy of various calculational techniques and 

of the various c ros s  section sets  applicable to the reference reactor  and other 

fast  reactor  systems can also be ascertained. 

This situation permits meaningful and detailed comparisons to be made 

At  the same time, since the cr i t ical  

Finally, by systematically adding 

In addition to the above general purposes, the current  work relates  to an 

intercomparison of the control characterist ics of the more commonly used 

poison-reflector type of control drum vis-a-vis the poison-fuel o r  void-fuel 

type of control drum that i s  currently incorporated in the reference design. 

Also, by surrounding the cri t ical  assembly with polyethylene and by adding 

polyethylene to the core, one can obtain information pertaining to various safety 

l and operating aspects of the reference reactor. 

E. DESCRIPTION O F  THE CRITICAL ASSEMBLY 

The cr i t ical  assembly was designed to be a reasonably good geometrical 

simulation of the reference reactor.  

components of the system, is provided in Figure 1. 

of a close -packed star-shaped a r r a y  of 181 fuel elements surrounded radially 

by 6 massive Mo reflectors. Imbedded in the radial reflector region and also 

partly in the core region (between the points of the s t a r )  a r e  6 symmetrically 

located cylindrical control drums whose axes a r e  parallel to the axis of the core. 

An a r t i s t ' s  sketch, showing the pr imary 
, The assembly i s  composed 

I 

I Each control drum contains 11 fuel elements and a molybdenum reflector and i s  

backed by a massive Ta absorber segment. 

safety mechanism fo r  the reactor,  four of the six radial Mo reflector pieces a r e  

capable of falling away from the core (scramming) and thererby producing a sub- 

stantial reduction in reactivity. 

In order  to provide a rapid-acting 

This s c ram system consists of two independent 
i 
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and diametrically opposed safety elements to each of which a r e  attached two of 

the Mo reflectors in a ganged fashion. 

In the shutdown condition, four reflectors a r e  located away f rom the core 

and al l  six control drums a r e  rotated such that the Ta absorber segment in each 

drum i s  in the core region and the drum fuel elements a r e  facing away f rom the 

core. 

In o rde r  to achieve criticality, the four reflectors a r e  ra ised into position 

(adjacent to the core)  by the safety element drive motors and then the control 

drums a r e  sequentially "driven int1;  i.e., rotated to bring fuel into the core. 

This drum control system simulates that proposed for  the reference reactor.  

Surrounding the massive Mo reflectors a r e  four Ta segments which simulate 

in the radial direction the pressure vessel in the reference reactor. 

actor operation, when the reflectors a re  in the up-position, the four Ta segments 

fo rm a cylindrical shell completely enclosing the reactor on the la teral  surface. 

During r e -  

Dimensionally, the cri t ical  assembly i s  56.845 cm (22.38 in.) high, includ- 

ing upper and lower axial reflectors, and 57.15 cm (22.5 in.) in diameter, in- 

cluding the massive radial reflectors. 

high and has  a l ldiameterll  of 38.33 c m  (15.09 in.) a s  measured f rom the center- 

line of one fuel element a t  a point of the s t a r  to the centerline of a diagonally 

opposite fuel element a t  the point of the s tar .  

The core proper i s  37.508cm (14.767 in.) 

The general  features of the reactor in the radial directions can be seen by 

reference to Figure 2, which represents a cross-sectional view of the reactor  

a t  the core  midplane. 

Ta segments that simulate the pressure vessel  in the reference reactor.  

segment is located on each of the two fall-away safety-element systems and one 

on the outside of each of the two stationary reflectors. 

outside radius of 29.23 cm (11.51 in.), a thickness of 0.691 cm (0.272 in.) and 

a height of 59.7 c m  (23.5 in.). 

a tightly fitting cylindrical shell around the la teral  surface of the reactor.  

On the external surface, the reactor i s  surrounded by the 

One 

The segments have an 

In the operating condition, the Ta segments form 

Inside the Ta pressure  vessel  mockup segments a r e  the massive Mo reflec- 

Each of the s ix  reflectors i s  about 60.2cm (23.7 in.) high and has an out- tors.  

side radius of 28.60 cm (11.26 in.). The thickness f rom the outer radius to the 
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neares t  fuel element is 8.20 c m  (3.23 in.), 

for  accommodating the rotatable control drums and therefore wrap around the 

drums to some extent. However, in order to allow four of the reflectors to fall 

away f rom the core, a portion of these four reflectors has been cut away so that 

they l lclear ' l  the drums. 

installed in the stationary core in such a way that, when all  reflectors a r e  in the 

up-position, they are ,  for all practical  purposes identical. 

The reflectors have circular  cutouts 

Four small triangular Mo filler pieces a r e  therefore 

that would be seen along a section formed by passing a plane through the axis of 

a fuel element at the point of the star.  To provide an indication of the relative 

Located within the region occupied by these massive Mo reflectors and the 

six control drums i s  the star-shaped stationary core. 

in Figure 2 represent  some of the 181 Ta honeycomb tubes that simulate the 

pr imary  core structural  member in the reference core. The location of the 

center line of the remainder of the core elements a r e  shown by an llX1l in the 

figure. a r e  2.159 c m  

(0.850 in.) in outside diameter, have a 0.0254-cm(0.010-in.) wall, and a r e  

located on a 2.215-cm(0.872-in.) lattice pitch. In order  to conduct certain ex- 

periments, the standard elements marked in the figure with the le t ter  llS1l can 

be removed and replaced by a special fuel element. 

used during this program for  inserting a spherical  proton-recoil detector along 

the axis of the core. 

The small c i rc les  shown 

The honeycomb tubes a r e  59.941cm (23.599 in.) high, 

The central  seven were 
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control drum is shown in c ros s  sectional view at the drum midplane in Figure 4. 
The main structural  member of the drum is the massive Mo reflector piece to 

which an upper and lower drum grid plate a r e  attached. 

60.2 cm (23.7 in.) high (the effective height of the control drum). 

normally has  a Ta  absorber segment which i s  also 60.2 cm (23.7 in.) high. In 

one se r i e s  of experiments reported herein, this segment was removed and r e -  

placed by an aluminum canister having approximately the same external dimen- 

sions and containing Mo plates. 

This Mo piece is  

Each drum 

This canister is shown in Figure 5. 

On the opposite side of the drum is a region which normally contains a group 

of honeycomb tubes identical to those in the stationary portion of the core. Since 

the void fraction in this region would be rather high with honeycomb tubes alone, 

several  round Mo filler rods a r e  inserted, 

high, but vary in diameter, a s  indicated in the figure. 

rods, a large trapezoidal-shaped filler piece 60.2 cm (23.7 in.) high, is  also 

utilized to fill the gap between the Mo reflector segment and the inner ring of 

honeycomb tubes. In the ser ies  of experiments in which the Ta absorber seg- 

ment is replaced by an aluminum canister filled with Mo plates, the drum fuel 

elements were removed and replaced by another aluminum canister as also de- 

picted in Figure 5. 

with B4C powder. 

All of these rods a r e  60.2 cm (23.7 in.) 

In addition to the round 

This canister, which is  somewhat larger  in size, was filled 

Within each Ta honeycomb tube is located eccentrically a Ta fuel tube which 

is used to contain the uranium fuel. This tube (see Figure 6 )  is 58.09 cm (22.87 

in.) long, has an outside diameter of 1.575 c m  (0.620 in.) and a wall thickness of 

0.0254 c m  (0.010 in.). 

comb tube by 0.0508 c m  (0.020 in.). 

tained by an  eccentric Mo reflector piece, 2.09 c m  (0.823 in.) in outside diameter, 

1.595 c m  (0.628 in.) in inside diameter, and 10.00 cm (3.94 in.) long, one of 

which is located on each end of the element. 

continuous axial reflector, a solid Mo cylindrical reflector is also placed at 

each end of the element and within the fuel tube. 

1.493 c m  (0.588 in.) in diameter and are also 10.00 c m  (3.94 in.) long. Between 

the solid, axial, Mo reflector cylinders is  located the uranium fuel, which con- 

s i s t s  of a cluster of uranium metal rods, each 0.432 cm (0.170 in.) in diameter, 

Its centerline is  offset f rom the centerline of the honey- 

This eccentricity is established and main- 

In order  to form a more  or l e s s  

The latter reflectors a r e  
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the number of rods in each cluster normally varying f rom six to seven depending 

upon the particular experiment. 

Each rod of fuel in  the fuel cluster i s  made up of two shorter  rods, one 15.24 cm 

(6 in.) long and one 22.268 c m  (8.767 in.) long, placed end to end to make a total 

length of 37.508 cm (14.767 in.), the height of the active core. In o r d e r  to make 

the fuel c luster  m o r e  stable dimensionally, the 15.24-cm (6-in.) and 22.268-cm 

(8.767-in.) lengths are stacked alternately so that there a r e  actually two parting 

planes. In addition, a Ta centering ring, whose inside diameter corresponds to 

the c i rc le  circumscribing the fuel cluster, 1.295 c m  (0.510 in.), is placed a t  the 

top and bottom of the cluster. To provide further rigidity to the fuel bundle, a 

two-turn o r  three- turn wire wrap of Mo is utilized, in some cases,  at various 

positions along the height of the cluster. 

A typical 7-rod cluster is shown in Figure 7. 

Since, in some core configurations, more  fuel than is contained in  a 7-rod 

cluster of rods is required for  criticality, some additional types of uranium 

were needed. 

needed for  cer ta in  experiments, a smaller  subdivision than that consisting of 

single rods  was needed. 

the uranium metal rods into wire, one of which was 0.152 c m  (0.060 in.) in  diam- 

e te r  by 37.465 c m  (14.75 in.) long and the other 0.066 cm (0.026 in.) in  diameter 

by 37.465 cm (14.75 in,)  long. The 0.152-cm(0.060-in.)-diam wire was designed 

for insertion into the cusp spaces around the outer periphery of the fuel cluster,  

whereas the 0.066-cm(0.026-in.)-diam wire was inserted into the triflute spaces 

on the inside of the cluster a s  shown in Figure 7. 

22.225-cm (8.767-in.) lengths of fuel rods a r e  never used separately in a standard 

fuel c luster  (i.e., they a r e  always placed end-to-end), the t e r m  rod is used in  

this repor t  to designate a column 0.432 c m  (0.170 in.) in  diameter by 37.508 cm 

(14.767 in.) long. 

Also, inasmuch as very fine and uniform fuel adjustments were 

These two requirements were met  by swaging some of 

Since 15.24-cm (6-in.) and 

The long and short  uranium fuel rods were  enriched to 93.197 and 93.14970, 

respectively, in the U235 isotope and, as has  already been noted, were  of a 

metall ic form. 

isotope. 

* 2 35 The uranium wires  were also enriched to 93.19770 in  the U 

Since the reference core is  designed to use UN fuel, a suitable method 

*In o r d e r  to reduce contamination that would resul t  f rom frequent handling of 
ba re  uranium metal, all fuel was coated with a thin layer of nonhydrogenous 
plastic paint. 
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for incorporating the element nitrogen was required. This requirement was 

satisfied by the use of Li3 N, a ceramic-like mater ia l  that would also satisfy 

the need for a simulation of the lithium-7 coolant proposed for the reference 

reactor,  This Li3 N material  was fabricated into a free-standing body with a 

clam-shell form and was inserted in the annular space between the fuel tube 

and the honeycomb tube. Since this space does not have a uniform gap width 

because of the eccentricity in the location of the Ta tubes, the Li37N had a 

corresponding nonuniform wall thickness. It had, nominally, an inside diameter 

of 1.600 c m  (0.630 in.) and outside diameter of 2.078 c m  (0.818 in.) and a length 

of 37.34 c m  (14.70 in.). 

7 

7 

It is thus confined only to the core proper. 

Whereas the fuel and honeycomb tubes a r e  pure T a  in the cr i t ical  assembly, 

the reference reactor calls for T-111 tubing for these components. Also, the 

specifications for the reference reactor  call for a very heavy-walled fuel tube 

with a W liner. T-111 is an alloy of Ta containing 8.5 wt 70 W and 2.3 wt 70 Hf. 

In order  to provide these two additional mater ia ls  (W and Hf), a s  well as addi- 

tional Ta, metallic foils of these elements were coiled and inserted into the fuel 

tube around the fuel cluster in the manner depicted in Figure 7. 

W material was required for certain experiments, a W rod 0.457 c m  (0.180 in.) 

in diameter  by 15.24 c m  (6.00 in.) long, weighing, on the average, 48.313 gm, 
and a W rod 0.457 c m  (0.180 in.) in diameter by 22.28 c m  (8.77 in.) long, weigh- 

ing, on the average, 70.752 gm, were placed end-to-end in the center of a six- 

rod fuel cluster.  

29.408 kg. 

Since additional 

The total m a s s  of W available in this form amounted to 

Even with the additional Ta foil in the cri t ical  assembly, the total mass of 

this mater ia l  was still l e s s  than that contemplated for the reference reactor;  

consequently, another method for  further increasing the total Ta loading was 

devised for specific experiments. 

cm(O.110-in.)-diam by 37.39-cm(14.7-in.)-long Ta wire  into the center of the 

fuel c luster  when i t  consisted of l e s s  than 7 rods and/or adding a 0.152-cm 

(0.060-in.)-diam by 37.39-cm(14.7-in.)-long Ta wire in the place of a uranium 

wire of the same diameter. Also, a 0.356-cm(0.140-in.)-diam by 59.69-cm 

(23.5-in.)-long Ta wire was, on occasion, inserted into the triflute spaces be- 

tween honeycomb tubes in the stationary par t  of the core. A total of 300 such 

spaces, which a r e  totally surrounded by honeycomb tubes, was available for 

this purpose. 

This method consisted of inserting a 0.279- 
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7 Since Li  N reacts  with moisture in the a i r  to form ammonia, among other 3 
products, the annular region between the honeycomb tube and the fuel tubes had 

to be hermetically sealed. An epoxy cement was used for this purpose and was 

confined to the annular gap in  the region outside of the reflectors, a s  can be 

seen in Figure 6. 
for  purposes of fuel and mater ia l  adjustments once the seal was made on the 

7 Lig N. 

Thus, the internal volume of the fuel tube remained accessible 

To maintain the fuel cluster and other components in the proper position in 

the fuel tube, an aluminum end-plug was inserted into each end of the honeycomb 

tube. This plug also served to align the fuel elements (the t e rm used here  to 

designate the combined fuel and honeycomb tubes) in an upper and lower grid 

plate. 

panded out and made a reliable mechanical seal  on the honeycomb tube. 

By tightening the alignment pin seen in Figure 6, the rubber packing ex- 

A total of 181 of these fuel elements made up the stationary core and an  

additional 66 identical elements, 11 in each of 6 drums, were used in  the 

movable drums to bring the total to 247 fuel elements. 

The design of the fuel element was such that each fuel tube was located 

eccentrically within each honeycomb tube. 

previous program, to measure the reactivity effects resulting from fuel dis-  

placement. 

were turned in such a way that the fuel tube eccentricity in  each fuel element 

was perpendicular to the core radius. 

This feature was used, during the 

F o r  all experiments described in this report, the fuel elements 

Additional details, particularly with regard to masses  of individual core 

components, instrumentation, and special features of the cri t ical  assembly can 

be obtained f rom Section I1 and Appendix C of Reference 1. 

Throughout an experimental program of this type, i t  i s  necessary to have a 

means for identifying and locating individual fuel elements and the relative loca- 

tions of control drums. 

Figure 8 along with an indication of the location of neutron detectors. 

element identification scheme consisted of assigning the designation 0-1 to the 

center fuel element location, 1-1 through 1-6 to the f i r s t  ring of locations, 2-1 
through 2-12 to the second ring of locations, and so forth. Drum fuel elements 

a r e  assigned designations in the 11 to 16 range so that the second digit designates 

the drum number. 

The method used for this cri t ical  assembly i s  shown in 

The fuel 

For  example, 13-1 i s  a fuel element location in Drum 3. 
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F. EXPERIMENTAL TECHNIQUES 

The basic technical methods for  measuring reactivity, cr i t ical  mass ,  power 

distributions, neutron spectra, etc. a r e  identical to those employed previously 

on this program (see Section I11 of Reference 1). 

the techniques will be briefly outlined here. 

For  the sake of completeness, 

1. The Measurement of Reactivity 

a. Inverse Kinetics Technique 

The fundamental method fo r  measuring reactivity during this experimental 

program was that designated inverse kinetics o r  reactivity vs  time. The method 

has been employed for several  years  at  Atomics International primarily in the 

work being conducted at the Epithermal Critical Experiments Laboratory (ECEL) 

split table critical assembly where the technique, which had been previously 

used irregularly by other laboratories, was coded and put to routine use. The 

basic principles a re  described in Reference 2. Since the initiation of i ts  routine 

use a t  the ECEL in 1960, i t  has been further improved, particularly in the a r e a  

of the inclusion of the effects of a constant neutron source.(3) It is  now utilized 

in a routine manner a t  several  other laboratories, including Argonne National 

Laboratory and a t  Karlsruhe, Germany. 

The name "inverse kinetics" i s  based on the fact that, whereas one normally 

assumes that a known reactivity change i s  made and subsequently calculates the 

change in the neutron population with time, in this technique the change in the 

neutron population i s  measured directly by the neutron detector and f rom this 

information the reactivity is  derived. The fundamental equation is 

I 1 +-- = I + -  nk 

S I e  Ak l e  

T x  Peke n e 

where 

k = effective multiplication constant e 

Ake = ke - 1 

I = neutron lifetime (sec)  
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i 8, = 

8, = 

n =  

t =  

A. = 
1 

se = 

n =  
0 

effective delayed neutron fraction for the ith group 

effective delayed neutron fraction, 

number of neutrons in the reactor 

time (sec)  

decay constant for  i th precursor group ( s e c - l )  

effective source strength (n/ sec)  

equilibrium neutron population. 

If the output of one of the neutron detectors in the assembly i s  fed to a multi-  

channel analyzer operating in the time mode, the change in  the neutron popula- 

tion a s  a function of time i s  directly measured. 

change in population with time, dn/dt, can also readily be extracted, 

constant source t e rm is, in  most cases, virtually negligible in this assembly, 

and I and f l  can be calculated with a reasonable degree of accuracy, the reac-  

tivity a s  a function of time can be derived. It can be shown, however, that the 

reactivity is very insensitive to values of I and f l  * consequently, large e r r o r s  

in the calculated values of these quantities resul t  in negligible e r r o r s  in the r e -  

sults. 

measured reactivity worth. 

with Be ,  the actual parameter  of interest  there is a 

bei/#, and that is well known. 

b. Inverse - Counting Technique 

F r o m  this power trace,  the 

Since the 

e 

e’ 

Thus, only the t e r m  in the summation contributes substantially to the 

Since 6 occurs within the summation sign a s  a ratio e i a quantity that is equal to i’ 

A second method for measuring reactivity - in particular, large negative 

reactivit ies - was based upon inverse counting techniques. 

CfZ5‘ source (-2 x 10 n / s e c )  was placed in the center of the reactor.  

neutron detectors were used to  measure the neutron population over some pre-  

selected t ime interval a s  a function of various subcrit ical  reactor configurations, 

Alternatively, the steady-state current  achieved in a current  detector was re -  

corded, By making measurements a t  o r  very near  a configuration where the 

reactivity i s  known indirectly by inverse-kinetics measurements,  the method 

i s  normalized and then used to  derive the reactivity for some unknown condi- 

tions. 

In this technique, a 
6 The 

The conversion of the counting data to reactivity i s  derived a s  follows: 
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By definition, - -  1 - k  . M -  

Since C, the total counts for  some fixed time interval, i s  directly proportional 

to M, one can write that 

C = € M  . 
Therefore, € - C = l - k  . 

kn, For  some known normalization reactivity value, 

- = l - k n  € . 
‘n 

Therefore, by taking the ratio, 

n 1 - k  -- 
C - 1  - k -  

Since, 

where p = reactivity in dollars, one can eliminate k and solve for  reactivity in 

dollars. Thus, the reactivity, in te rms  of the ratio of the counts, C, a t  some 

unknown reactivity to the counts, Cn, a t  some normalization value, is 

where p 
calculated, the value for p i s  determined by inverse kinetics measurement a t  

a close to critical, and, since the quantity C /C i s  measured, the reactivity can 

be obtained. 

is the known normalization reactivity in dollars. The value for B is n 

n 

n 

c. Drum Worth Technique 

A third type of reactivity determination that was used during the experimen- 

tal program involved, fo r  both positive and negative values, changes in the posi- 

tion of a calibrated control drum. This method is a secondary technique since 
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the drum itself is calibrated initially by the inverse-kinetics technique. 

however, a very convenient and rapid method for ascertaining the magnitude of 

reactivity changes within a few cents. 

It is, 

Typically, the drum position i s  noted a t  which a base reactor configuration 

o r  composition is just  critical. 

reactivity is determined. 

fuel element for an empty one o r  the addition of Ta wires  to the core, is made 

and a new cr i t ical  position fo r  the calibrated drum i s  noted. This new position 

yields a new total excess  reactivity value which, when algebraically subtracted 

f rom the former  one, yields the reactivity change caused by the operation. 

F r o m  a drum-worth curve, the total excess 

A change, such a s  the substitution of a fuel-loaded 

2. The Measurement of Drum Worth 

As noted above, the inverse kinetics technique was utilized in establishing 

the reactivity worth of single control drums, and i t  was applied through one o r  

both of two methods. 

was brought to cri t ical ,  allowed to stabilize, and then the drum was driven from 

the full-in to the full-out position. 

the inverse kinetics technique in order  to derive the worth of the drum as  a func- 

tion of time. 

function of position. 

evaluate the worth of a single drum where detailed information on the shape of 

the worth curve a t  o r  near  the full-in position was particularly important. 

In a so-called '!continuous drive" method, the reactor 

The ensuing power t race was analyzed by 

F rom the known drive speed, the worth was then established a s  a 

This continuous drive method was employed in  order  to 

A so-called "step-wise" method fo r  obtaining the worth of single drums 

was utilized where greater  precision was required a t  o r  near  the full-out posi- 

tion. 

the validity of the resul ts  was less  subject to e r ro r .  

No. 6, fo r  example, is placed with fuel full-in and the diametrically opposite 

drum (No. 3 in this case)  i s  banked out such that, with all  other drums full-in, 

the reactor  is critical. After a period of time i s  allowed a t  level power, data 

collection i s  initiated. Drum No. 6 i s  then turned out a few degrees and main- 

tained a t  that position for  about one minute. 

amount that not only offsets the small negative reactivity produced by Drum No.6, 

but also provides a small  amount of excess. Again, all drums remain stationary 

for about 1 minute, whereupon Drum No. 6 i s  turned out a few degrees more. 

The step-wise method involved only small  reactivity changes; consequently, 

In this technique, Drum 

Drum No. 3 i s  then turned in by an 
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Drum No. 3 i s  then moved in, and the process  is repeated in this step-wise 

fashion, the worth of Drum No. 6 being measured a s  i t  is stepped out and the 

worth of Drum No. 3 a s  it is stepped in. 

algebraically summing the step-wise reactivity values. 

3.  

The integral worths a r e  established by 

The Measurement of the All-Drums-In Excess Reactivity 

The measurement of the all-drums-in excess reactivity was accomplished 

in most cases  by noting the position of one o r  more  drums when the reactor  was 

just  cri t ical  for  several  minutes. The previously established drum worth curve 

was then used to determine the excess reactivity that would be obtained if the 

drum o r  drums were turned to the full-in position. 

total excess  reactivity is sufficiently small, the all-drums-in excess reactivity 

was determined directly by actually driving all drums full-in and analyzing the 

power r i s e  by the inverse kinetics (positive period) technique. 

4. 

In some cases, where the 

The Measurement of Critical Mass 

The values for the cri t ical  m a s s  of the various core compositions were  

based upon the all-drums-in excess reactivity value and upon the core-averaged 

worth of fuel. 

al l-drums-in excess reactivity that occurred upon removal of uranium fuel f rom 

the core in a uniform manner. In some cases,  the la t ter  quantity was assumed 

to be known from measurements conducted under one o r  more  of the previous 

contract tasks. 

5. 

The latter quantity was determined by noting the change in the 

The Measurement of Power Distribution 

The power distribution in  the various core compositions and/or configura- 

tions of this p r o g r a m  was measured by inserting previously unirradiated uranium 

wire (0.066 c m  in diameter) into the fuel cluster in each fuel element making up 

a one-twelfth sector of the core,  The wires  were irradiated at  a power level of 

about 40 watts fo r  a period of about one hour, a t  the end of which time the reac-  

tor  was scrammed and the wires  removed. Wire segments, nominally 1.27 c m  

(0.5 in.) long, were cut f rom the full-length wires  a t  various positions along 

their length, or,  in some instances, the ent i re  wire was cut into the nominally 

1.27 c m  (0.5 in.) lengths. 

*O.l  mg. 

These wire segments were weighed to an accuracy of 
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The wire segments were counted in several  gamma channels beginning a 

Standard NaI scintillation detectors were few hours af ter  reactor  shutdown. 

used, with the amplifiers set  for integral counting of gamma rays with energies 

above 0.5 MeV. 

one of the most  active wire segments was conducted in one of the standard NaI  

detectors used in  the routine counting process. A least-squares fit of the data 

f rom this monitor wire was used for decay correction. Al l  channels were con- 

trolled by the same time base and dual preset  counter. Fifteen-minute counting 

intervals were  generally used, and some wire segments were counted more than 

once. The channels were normalized to one another by counting a group of sev- 

e r a l  wires  in all channels and comparing the resulting decay-corrected counts. 

In order  to establish a decay function, a separate counting of 

A computer code was used to correct  the data for decay, background, mass 

normalization (after subtracting the weight of the Kel-F) and counter normaliza- 

tion. 

were then plotted as  a function of radial and axial position. 

counting statist ics only a r e  estimated to vary from 1 / 2  to 1-1 /270. 
determination is expected to introduce an e r r o r  of approximately *0.270 and 

there is an uncertainty of about t0.025 cm (0.01 in.) in the axial position of a 

wire within the fuel element. 

6. 

The resulting relative activities, which a r e  directly proportional to power, 

The e r r o r s  due to 

The mass 

The Measurement of the Neutron Spectrum 

The differential neutron spectrum was measured over the energy range from 

50 kev to 2.3 MeV by means of the proton-recoil spectrometer,  an instrument 

that has  been under development and test for several  years.  (4-8) The spectrum 

measurements  utilized a group of six gas-filled spherical-type detectors a s  

developed by P. W. Benjamin, e t  al. The spheres a r e  3.94 c m  (1.55 in.) inside 

diameter and have a 0.058-cm(0.023-in.)-wall thickness. The central anode con- 

sists of 0.00254-cm(0.001 -in.)-diam tungsten wire. 

group h a s  a different filling of hydrogen and/or methane gas along with a small  

amount of nitrogen o r  helium-3 for energy calibration. 

proton-recoil spectrum was based upon the techniques developed by P. W. Ben- 

Each of the detectors in the 

The unfolding of the 

jamin, e t  al, and upon corrections presented recently a t  an IAEA Conference. (9) 

Two-parameter analysis was utilized below about 120 kev in order  to discrimi- 

nate against gamma-ray induced events. 
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G. UNITS O F  MEASURE 

All of the reactor component were designed, built, and checked to physical 

dimensions in inches. 

for  the unit of length is derived from the latter data. 

for fuel and other reactor mater ia ls  were, however, measured directly in  grams.  

The proton-recoil spectrometer detectors were filled by an outside vendor to 

specified pressures  expressed in atmospheres. For  reporting purposes, these 

units were converted to newtons/square meter .  

measurement, unless otherwise noted in the text, were based directly upon the 

units quoted. 

Consequently, the International System of Units used here  

The masses  quoted herein 

Al l  other physical units of 



II. EXPERIMENTAL RESULTS 

2. Core Data 

Table 2 presents a detailed listing of a l l  of the major reactor configurations 

that were constructed during this program. The core numbering system, as 

shown in Column 2, was set  up to correlate with certain functions o r  experi-  

mental investigations that were undertaken a s  described in Column 1. Cores 1.0 

through 1.2, for example, pertain to studies of the reactivity effects that accom- 

pany the addition of a polyethylene shield around a 3-zoned, power -flattened 

core. 

Ta wire to the system, and, with a slight alteration of fuel in the central  seven 

elements, Core 2.0 was used to investigate the neutron spectrum a t  the boundary 

of the core  and upper reflector.  

i e s  of cores  were associated with, respectively, axial reflector worths, tungsten 

worths, a B4C-controlled reactor,  and, finally, the reactivity changes that 

accompany the addition of polyethylene to the core  proper. 

Cores 2.0 and 2.1 were used to determine the reactivity effects of adding 

, 

In like manner the 3rd, 4th, 5th, and 6th s e r -  
l 

I I 
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A .  SUMMARY O F  RESULTS 

1.  Core Material Masses 

The masses  of the mater ia ls  making up the basic core  structure remained, 

for the most part, unchanged throughout the experimental program. 

tion of these basic mater ia l  masses  is given in  Table 1.  

5.0 and 5.1, the masses  of materials shown in Column 5 should be assumed to 

be present a t  a l l  times. Thus, most of the experimental program involved the 

addition of a different form of the same material  or  different materials to this 

basic  s t ructure  in accordance with the data shown in  Columns 4 through 12 of 

Table 2. Cores 5.0 and 5.1, which pertain to the B C-controlled reactor ,  in- 

volved removal of eleven fuel elements, several  Mo fi l ler  pieces, and one Ta 

absorber segment f rom each of six drums. 

spectively by one B C-filled and one Mo-filled aluminum canister in each drum. 

The removal of these i tems and the subsequent replacement altered the total 

number and therefore masses  of certain core  mater ia ls .  These changes a r e  

reflected in  the data of Column 6 of Table 1. 

making up any given core can therefore be derived f rom the tabulations con- 

tained in Table 1, Columns 5 and 6, and in Table 2, Columns 5 through 13. 

A tabula- 

For  all cores,  except 

4 

These i tems were replaced, r e -  

4 

The total masses  of each mater ia l  
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In Column 3 of Table 2 a r e  listed the loading patterns for the various cores ,  

the t e rm "rods" referr ing to the number of uranium rods [each 0.432 c m  (0.170 

in. ) in diameter by 37.508 cm (14.767 in. ) long] in each fuel element and the 

t e r m  "wires" referring to the number of uranium wires  [each 0.152 cm (0.060in. ) 

in diameter by 37.465 c m  (14.75 in. ) long] in each fuel element. 

Cores 1.0 through 1.2 inclusive, and certain cores,  such a s  4.3, 5.1, e t c . ,  which 

were used to measure the core-averaged worth of uranium, most cr i t ical  sys-  

tems contained a uniform loading of uranium fuel such that the mass  of uranium 

in each fuel element did not differ f rom the average by more  than *1.2 gm.  

noted above, the f i r s t  se r ies  of experiments dealt with a 3-zoned, power- 

flattened core and, in this case, the listed loading pattern r e fe r s  to the number 

of uranium rods and wires in each fuel element in each zone. 

Zone 1 (see Section 11-B) contained 6 rods and 1 wire, Zone 2 contained 7 rods 

and no wires,  and Zone 3 contained 7 rods and 4 wires .  This loading pattern 

applied to a l l  three cores  (1.0, 1.1, and 1.2). 

Except for 

A s  

Specifically, 

Normally the core-averaged worth of fuel was determined, where required, 

by a uniform removal of fuel f rom the core;  i. e . ,  by removing one wire f rom 

every fuel element. 

(approximately 3 kg) would have rendered the reactor  subcritical. Consequently, 

the procedure was altered such that one wire was removed f rom every other fuel 

element, thus preserving some reasonable uniformity. Where in Column 3 of 

Table 2 a fractional wire count is indicated (Cores 4.3, 5.1, etc. ), the latter 

procedure was followed. 

In some cases,  however, the removal of this much fuel 

Column 4 of Table 2 shows the total mass  of uranium fuel in the reactor,  

the mass  being distributed, except for Cores 1.0, 1.1, and 1.2, in  a uniform 

manner among all fuel elements. 

247 except in the case of the B4C-controlled system in which the 11 fuel ele- 

ments in each of the six drums were removed, thus producing a 181 -element 

sys  tem. 

Normally the total number of fuel elements is 

As was pointed out above, Columns 5 through 12 of Table 2 indicate the 

types and masses  of additional materials that were present  in the various cores  

in  addition to the fuel and the mater ia ls  delineated in Table 1. 

these columns, except those in Columns 5 and 12, pertain to uniform mater ia l  

distribution within o r  between fuel elements. 

A l l  entries in 

In Core 1 .O,  for example, no 
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polyethylene was present around the core, but 21.70 kg of Ta foil, 15.15 kg of 

W fuel, and 4.12 kg of Hf were distributed uniformly among the 247 fuel ele- 

ments in a l l  three zones. 

Hf, a full polyethylene shield 15.24 c m  (6 in. ) in thickness and 352.667 kg in 

weight around the reactor .  

of the top and par t  of the bottom portions of the polyethylene shield were 

removed. 

Core 1.1 incorporated, in addition to the Ta, W, and 

Core 1.2 was identical to Core 1.1 except that a l l  

Columns 15 and 16 of Table 2 indicate the total mass  of cylindrical axial 

Mo reflector segments on the top and bottom of the core. 

Mo reflector segment is 1.493 cm (0.588 in. ) in diameter by 10.00 c m  (3.94 in. ) 

long and weighs, on the average, 178.95 gm.  One segment is placed a t  the top 

and one a t  the bottom of each fuel element. 

elements, all of the Mo segments making up the upper reflector (disregarding 

the eccentric segments) will weigh 44.20 kg and all  of the Mo segments making 

up the lower reflector will a lso weigh 44.20 kg. In the se r i e s  of experiments 

(Cores 3.0 through 3.3) dealing with the reactivity worths of axial reflectors,  

247 of the cylindrical reflector components (which represent 55.170 of axial 

reflector mass )  were cut in such a way a s  to produce 247 one-half and 494 one- 

quarter length segments. Thus the upper and lower axial reflectors could be 

reduced in mass  to roughly 72.4 and 58.670 by weight of their previous values. 

Normally each solid 

Thus, in a core containing 247 fuel 

Column 17 of Table 2 lists the as-measured system excess reactivities for 

the various cores.  

subcriticality that would exist i f  al l  drums were driven to their most reactive 

position. 

sponds to fuel full-in. 

sponded to the B C sector full-out; i. e . ,  turned so  that the B4C-filled canister 

on the drum is a s  fa r  f rom the core axis a s  possible. 

These reactivity values refer  to the excess or degree of 

For  the normal, fueled control drum reactor,  this position co r re -  

Fo r  the B4C-controlled reactor,  this position co r re -  

4 

Figure 8 showed two large polyethylene boxes into which the neutron detec- 

The polyethylene was utilized in tors  for Channels 3, 4, 5 ,  and 6 were placed. 

order  to increase the sensitivity of the chambers and therefore improve the 

accuracy of various experimental measurements. 

introduce a systematic e r r o r  in that they act  a s  reflectors and consequently in- 
c rease  the system reactivity relative to a completely isolated system. 

reactivity e r r o r  inherent in the boxes has been measured on several  occasions 

The boxes do, however, 

The 
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by the process of noting the changes in the cri t ical  position of a drum with and 

without the boxes present. 

calibration curve, indicated that both polyethylene boxes (that around Channels 

3 and 4 and that around Channels 5 and 6 )  add 14.04 to the reactivity of the 

reactor .  

subcriticality that would exist i f  these boxes were not present. 

tions of this type - such a s  the sample changer table shown in Figure 1 and the 

polyethylene boxes around the detectors for Channels 1 and 2 -have been inves- 

tigated, but have been shown to represent  statistically insignificant effects. 

For  Cores 1.1 and 1.2, where the polyethylene shield is  present around the core, 

no polyethylene boxes were required; consequently no correction of the above 

type i s  needed. 

mass  values and conversion factors, respectively, for the various cores .  

conversion factors a r e  the values for the core-averaged worth of 1 kg of fuel 

material  a s  determined by the uniform removal of some quantity of fuel. By 
multiplying the corrected excess reactivity value (Column 18) by the conversion 

factor, a value for the mass  of fuel corresponding to this excess is obtained, 

This excess mass i s  then subtracted f rom the total fuel loading to obtain the 

cri t ical  mass .  

and since some cores constructed during the current program were nearly iden- 

tical to some of the cores  studied on the previous program, the core  averaged 

worth of fuel was not always measured. 

example, was determined during the previous program (see  Reference 1, page 
133) and was considered applicable to several  cores  listed in the table. 

other values were measured specifically for the core to which they apply. 

3. Reactivitv Worths of Non-Fuel Materials 

This information, in addition to that f rom a drum 

Thus Column 18 of Table 2 shows the excess reactivity or degree of 

Other perturba- 

Finally, in Columns 16 and 17 of Table 2 a r e  l isted the cr i t ical  

The 

Since cri t ical  mass  values were not required for some cores  

The conversion factor of 50.64/kg, for 

A l l  

By inspection of Table 2, the reactivity changes associated with various 

A summary of some of these values i s  mater ia l  alterations can be derived. 

given in Table 3. For  the first se r ies  of experiments, the initial, corrected,  

all-drums-in excess reactivity for the base case (the 3-zoned, power-flattened 

core without a polyethylene shield) was 30.64. 

ene shield increased the reactivity to 136.74, thus indicating a total worth of 

t106.14 for the shield. 

tion of the lower shield in accordance with the details set  for th  in Section 11-B 

The addition of the full polyethyl- 

After removing al l  of the upper axial shield and a por- 
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TABLE 3 

SUMMARY O F  REACTIVITY WORTHS 

I tem 

Full Polyethylene Shield 
Radial Polyethylene Shield Alone t 
9.54 kg of Ta Wire 

One-Half-Height Axial Reflector"" 

One -Quarter -Height Axial 

29.41 kg of W Rod 

44.54 kg of W Rod and Foil  

2.229 kg of Polyethylene Strips 

2.229 kg of Polyethylene Strips 

R efl e t :: :: 

(80.25 kg of Ta in Core) 

(86.39 kg of Ta in Core) 

Base Case 
Cor e 

Numbers 

1 .o 
1 .o 
2.0 

2.0 

2.0 

4.0 

4.0 

6.5 

6 .9  

Reference 
Cor e 

Numbers 

1.1 

1.2 

2.1 

3.1 

3.1, 3.2, 3.3 

4.1 

4.2 

6.8 

6. 13"' 

Reactivity 
Worth" 

( 6 )  

t106.1 

t90.5 
-1 9.0 9 

-1 56.8 

-288.2 

t71.6 

t 122.4 

t411.2 

t409.7 

::Total excess reactivity corrected by 9.7d for difference in U m a s s  loading 
between Cores 6.9 and 6.13. 
f rom Cores 6.3 and 6.5 and f rom Cores 6.11 and 6.12. 

for this measurement  (see Section 11-B-1). 

more  accurate  value of 17.6d for this quantity. 

changed. 
of the Mo was removed. 
three-quarters  of the height of the Mo was removed. 

The 9.7d value is  based upon the average value 

tAll  of the upper, but only a portion of the lower axial shield could be removed 

§A more  direct  measurement by means of inverse kinetics techniques yielded a 

::::Only that portion of the axial reflector comprised of solid cylinders of Mo was 
"One-half-height'' means that approximately one -half of the height 

"One-quarter -height" means that approximately 

of this report ,  a decrease in the all-drums-in excess of 121.1d was observed. 

I t  follows, therefore, that the radial  shield alone is worth approximately 90.5d. 

Upon reconfiguring the core in order to achieve a uniformly loaded 247 fuel 

element configuration for the base case for Ta wire  addition, a system excess 

reactivity of 168.5d was measured. This core  (2.0) contained no polyethylene, 

W, Hf, o r  Ta foil or  wire, the total Ta content, in other forms,  being 49.64 kg. 

The addition of 1 Ta wire [0.27 c m  (0.110 in. ) in diameter, 37.39 c m  (14.7 in. ) 

long, and weighing an average of 38.61 gm] to each of 247 fuel elements reduced 

the excess  to 149.5d. A more  Consequently the 9.54 kg of Ta was worth -19.0d. 
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accurate  value, which was based upon measuring the reactivity a t  a fixed d rum 

position when the Ta  wire was both absent and present, yielded a value of -17.36. 

Using Core 2.0 also a s  the base case for  the se r i e s  of experiments dealing 

with the reactivity effects of reducing the heights of portions of the upper and 

lower Mo reflectors, one notes that the excess reactivity decreased f r o m  168.06 

(Core 2.0) to 11.7k (Core 4.1) a s  a resul t  of shortening the cylindrical Mo seg-  

ments f rom 10.00 c m  (3.94 in. ) to 4.90 c m  (1.93 in. ) in  length. 

reduced the reflector mass  to about 72.4Y0 of the nominal value and resulted in a 

change of 156.86. 

reduction of the cylindrical axial reflector segments by a factor of about 4 [i. e . ,  

f r o m  10.00 c m  (3.44 in.)  to 2.45 c m  (0.96 in. ) ]  can be derived f rom the data of 

Table 2. 

fuel change, had to be made. The excess reactivity changed f rom 151.26 (Core 

4.2) down to 19.86 (Core 4.3) in response to a reduction of segment length f rom 

4.90 c m  (1.93 in. ) to 2.45 c m  (0.96 in. ). This reactivity change (131.46), when 

combined with that corresponding to a reduction in  segment height f rom 10 c m  

(3.94 in. ) to 4.90 cm (1.93 in. ), implies a total reactivity reduction of 288.26 

for a reflector mass  reduction to 58.67'0 of the nominal value. 

This procedure 

In a like manner, the reactivity change resulting f r o m  the 

In this case, however, an intermediate step (Core 4.2), involving a 

The base case for establishing the reactivity worth of tungsten was Core 4.0 

which, like Core 2.0, contained no polyethylene W, Hf, o r  Ta wire  and foil 

initially. The excess reactivity increased f rom 9.5 to 81.1 to 131.96 as the 

total W content of the cores  increased f rom 0 to 29.41 to 44.54 kg, respectively. 

These resul ts  indicate that 29.41 and 44.54 kg of W have reactivity worths of 

t71.6 and t122.46, respectively. 

The reactivity effects of adding 2.229 kg of polyethylene s t r ips  to a uniformly 

loaded core containing, in one case, 80.25 kg of Ta (Core 6.8) and, in  another 

case, 86.39 kg of Ta (Core 6.9),can be derived to be t411.2 and t409.76, respec-  

tively, as indicated in Table 3 .  

in the system reactivity values for Cores 6.8 and 6.5. 

based upon the value of -243.86 for the degree of subcriticality of Core 6.9 and 

the excess reactivity value of 175.66 for  Core 6.13. 

i ty value must, however, be decreased by 9.76 since Core 6.13 contains 90.48 

additional grams of fuel. 

average of the changes observed in going f rom Core 6.3 to Core 6.5 and f r o m  

Core 6.11 to Core 6.12. 

The value of 411.26 corresponds to the change 

The value of 409.76 is 

The latter excess reactiv- 

The latter correction is  obtained directly f r o m  an  
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4. Reactivity Worth of Fuel 

In a manner similar to that outlined in Section 11-A-3, the reactivity worth 

of fuel for various core conditions can be derived on the basis of the data of 

Table 2. The column 
labeled "Core Number" indicates the initial and final core  designations where 

the initial and final cores  differ only by the amount of fuel present and this dif- 

ference is  delineated in the column labeled "Change in Fuel Loading. I t  The col- 

umn headed "Principal Core Constituents (Non-Fuel)" r e fe r s  to the major mate- 

r i a l s  located in the active core when all drums a r e  turned to their most r eac -  

tive position. In contrast  to the other materials, the amount of Ta metal  may 

vary f rom one case to the next. 

the 3rd and 4th ser ies  of cores  contain the same quantities of Ta (49.01 kg), 

whereas the 5th contains 35.91 kg. 

and Cores 6.13 and 6.14 each contain 86.39 kg. 

taken into account when intercomparing the core-averaged worth of fuel. 

A summary of these results i s  contained in Table 4. 

As can be seen by reference to Tables 1 and 2, 

Cores 6.3 and 6.4 each contain 80.25 kg, 

These variations should be 

5 .  D r u m  Calibrations 

Individual drum calibrations were routinely conducted in most of the cores  

listed in Table 2, although these calibrations did not always involve a measure-  

ment of the worth over the complete 180" span of rotation. Representative 

samplings of these drum calibrations a re  shown in Figures 9 through 17, and 

a r e  correlated with the various cores  in accordance with the data shown in 

Table 5, where, in addition, the total control swing is listed if  available. 

The drum calibration curve for Core 1.0 (Figure 9 )  was actually obtained 

on the previous program (see Figure 31 of Reference l ) ,  but is repeated here  

for purposes of completeness. 

not only to Core 2.0, but a lso to Cores 3.0 and 4.0. Actual measurements of 

d rum worths were made for the latter two cores, but yielded virtually identical 

resul ts  to the one shown here.  

Figure 11 is a drum calibration curve applying 

Figure 15 shows the resul ts  for a control drum in Core 4.2, which contains 

44.54 kg of W foil. 
of W was also performed, but only out to about 80 degrees of a r c .  

span, the reactivity values were in good agreement with the data presented here .  

A calibration for a d r u m  in the core which contained 29.41 kg 

Over this 
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TABLE 5 

CORRELATION O F  DRUM CALIBRATIONS AND CORES 

Core 
Number 

1 .o 

1.1 

2.0 

2.1 

3.1 

3.3 

4.2 

5.0 

6.3 

Figure 
Number 

9 

10 

11 

12  

13  

14 

15  

16 

17 

Core Description 

Power Flattened Core - 
No Polyethylene Shield 

Power Flattened Core - 
Full Polyethylene Shield 

Uniformly Loaded Core 
(See Composition 2, Reference 1 )  

Uniformly Loaded Core with 
9.54 kg Ta Added 

Uniformly Loaded Core - 
4.9 0 - cm Reflector 

Uniformly Loaded Core - 
2.4 5- cm Reflector 

Uniformly Loaded Core - 
44.54 kg W 

Uniformly Loaded Core - 
B4C Drum 

360 Polyethylene Strips 
Uniformly Loaded Core - 

Control 
Swing* 

($ 

2.57 

2.34 

2.21 

2.1 3 

2.20 

2.22 

1.93 

1.96 

*Ta o r  B4C f rom Full-In to Full-Out 

6. Power Distributions 

Four  se t s  of power distribution measurements,  each consisting of axial 

and radial  components, were conducted during this program and a r e  presented 

graphically in  Figures  18 through 25, and are  tabulated in Section I1 of this 

report .  

placed on the radial  component than the axial, with distributions being obtained 

at the core midplane, a t  the top of the core  and in a plane half way between 

these two planes. 

tions 0-1, 5-3, 11-11, and 10-2. In Cores 4.2 and 4.3, fewer radial  points were 

In the case of the polyethylene shielded core ( l . l) ,  more  emphasis was 

Axial distributions were measured within fuel element posi- 
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determined (only a t  the mid-plane and top of the core)  but full-core-height dis-  

tributions were made within Fuel Elements 0-1, 4-5, 5-3, 8-3, 11-11, and 10-2, 

In Core 5.0, power distributions were made not only in the axial and radial  

directions in the active core,  but also a t  two positions within the aluminum can- 

i s t e r  containing the B4C powder in the control drum. 

during this run to i t s  most reactive position; i. e . ,  to a position such that the 

B C sector was a s  far f rom the core axis a s  possible. 

which were irradiated,  segmented, and counted to determine the power dis t r i -  

bution, were  located at the intersections of the canister walls and the plane 

passing through the core axis and the axis of the drum (see Section 11-B). 

The drum was turned 

The two uranium wires,  4 

Several axial power distributions do not exhibit symmetry about the core  

midplane; i. e . ,  the power within a single fuel element tends to decrease more  

rapidly f rom the core midplane to the top of the core than f rom the core mid- 

plane to the bottom of the core.  

Figures 21 and 23 which apply to the axial distribution in the core with one-half 

and one-quarter length cylindrical axial reflectors,  respectively. This fact 

may indicate that the s t ructural  materials on which the cri t ical  assembly is 

placed may be reflecting neutrons back into the system. 

This phenomenon is particularly evident in 

B. DETAILED EXPERIMENTAL RESULTS 

1. Reactivity Worths of a Polyethylene Shield (Cores 1.1 through 1.3) 

a. Core Description 

A polyethylene shield was installed in this se r ies  of experiments around 

the side, top, and bottom of the three-zoned, power-flattened core a s  depicted 

in  Figure 26. 
6 uranium rods and 1 uranium wire. The average weight of the fuel in a fuel 

cluster in this zone was 628.47 gm, thus yielding a total uranium loading for 

this zone of 45.878 kg. Each of the 90 fuel elements in Zone 2 contained 7 rods 

and no wires,  the average uranium weight per element being 717.24 g m  and the 

total weight of uranium for the zone being 64.551 kg. Each of the remaining 84 
fuel elements in Zone 3 contained 7 rods and 4 wires,  the average uranium weight 

per element being 768.85 gm and the total weight in the zone being 64.583 kg. 

The total uranium fuel loading for the core  was 175.012 kg. 

Each of the 73 fuel elements in Zone 1 of the reactor  contained 

A l l  other mater ia ls ,  
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F i g u r e  26. Three -Zoned ,  P o w e r - F l a t t e n e d  C o r e  Loading A r r a n g e m e n t  
Used f o r  Polye thylene  Shield C o r e  
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such a s  the Hf, W, and Ta foils ( see  Table 2) were distributed uniformly among 

the 247 fuel elements in the active core.  

b. Shield Description 

The detailed geometric shape of the polyethylene shield was rather  complex 

inasmuch a s  various clearances and cavities had to be provided for control 

drum motors and, particularly, for the scrammable reflector mechanism. 

overall  view of the reactor  with most of the shield in place is shown in Fig- 

u r e  27 (scrammable reflectors up) and in Figure 28 (scrammable reflectors 

down). 

An 

The top or upper axial shield was made up of 6 layers  of polyethylene sheet 

each approximately 2.54 cm (1 .O in. ) thick. 

placed on top of an aluminum deflector pan which served to prevent any poly- 

ethylene (if i t  should melt for any reason) f rom flowing into the core.  

overall  height and diameter of the top shield were 17.1 cm (6.73 in. ) and 89.0 cm 

(35.0 in. ), respectively. A s  can be seen in  Figure 29, a top view of the poly- 

ethylene shield, s ix  holes 10.95 c m  (4.31 in. ) in diameter were cut in each of 

the six laminations in order  to provide room for the drum drive motors and 

housings. 

The laminated composite was 

The 

The total weight of the top shield was 93.648 kg. 

The radial  portion of the polyethylene shield was made up of several  sec-  

Thus tions, a l l  of which extended to some degree below the lower grid plate. 

some par t s  of the shield which would normally be considered the lower axial 

reflector were an integral  par t  of the radial shield. 

A cross-sectional view a t  the core midplane i s  shown schematically in 

Figure 30. 

therefore fall away f r o m  the core when the reactor is shut down a r e  constructed 

of nominally 0.635-cm(0.250-in. )-thick sheets, thermally set  to the cor rec t  

curvature. 

(6.34 in. ), a height of about 75.1 cm (29.55 in. ), and a distance along the periph- 

e ry  of about 11 3 cm (44.5 in. ). Numerous, geometrically complex cut-outs (see 

Figure 27) were required to avoid interference between the shield and the sc ram-  

mable ref lector  drive motors,  gear boxes, and drive mechanism mounting 

brackets,  identical sets  of which exist on both sides of the reac tor .  The weight 

of the two radial  shield sections (east  and west) were 78.325 and 79.940 kg, r e -  

spectively. 

The sections that a r e  attached to the scrammable ref lectors  and 

The sheets a r e  built up to an overall radial  thickness of 16.1 c m  

In order  to reduce steaming through the hole in the radial  shield 
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Figure  27. Polyethylene Shield with Scrammable Reflectors Up 
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through which the safety element mounting bracket passes,  some polyethylene 

blocks were constructed to fit into the inner regions of these brackets. One of 

these blocks, which a r e  called fi l ler  blocks, is visible in the photograph which 

constitutes Figure 27. 

weighed 1.594 kg. 

The west block weighed 1.657 kg and the east  block 

To f i l l  up the space that would normally exist between the core weldment 

s t ructure  and the core, four stepped inserts were prepared and installed as 

indicated in Figure 30, These inser ts ,  each weighing 1.02 kg, were also con- 

structed of 0.635-cm(0.250-in. )-thick polyethylene sheets and extended over 

the same axial height as did the reactor fuel element. 

To provide polyethylene mater ia l  on the two sides of the reactor  on which 

the core weldment structure is  located, sheets of normally 2.54-cm(l .O-in. ) -  

thick polyethylene were stacked to form a 17.0-cm(6.69-in. )-thick by 28.1 -cm 

(1 1.1 -in. )-wide by 82.4-cm(32.44-in. )-high side shield, one on each side as 

depicted in Figure 30. 

32.751 kg for the north and south sides, respectively. 

u r e s  27, 28, and 31, both of the two radial and the two side shields a r e  capped 

by polyethylene blocks placed in a horizontal plane. 

on the north and one on the south side of the assembly, a r e  3.5 c m  (1.38 in. ) 

high by 28 c m  (11.0 i n . )  wide by 15.6 cm (6.14 i n . )  thick and weight 1.075 kg 

each. 

included i n  the total mass  for the latter. 

I 
The masses  of these side shields were 32.710 and 

A s  can be seen in  Fig- 

i The side shield caps one 

The radial  shield caps form an integral par t  of the radial  shield and a r e  

I The lower axial shield, which, under ideal circumstances, should be a 

right c i rcular  cylinder similar to the upper axial shield and independently r e -  

movable, is actually made up of two types of polyethylene components. One 
I 
I 
f 

, 
component is a nonseparable par t  of the radial  shield system in whose total 

mass i t  is included and the other a collection of special shapes fitted into the I 

available space below the lower grid plate of the reactor .  

up the radial  shield was designed to extend below the lower grid plate in order  

The mater ia l  making I 
to avoid various mechanical and safety problems associated with the fall-away 

ref lector  system. 

lower par t s  of the radial  shield had to be chamfered in order  to allow clearance 

for these safety mechanisms. These chamfers resulted in a loss  of shield ma- 

ter ia l  that could not be avoided without major alterations in the reactor structure.  

However, reference to Figures 27 and 31 shows that the 
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The special shapes that make up a portion of the lower shield and that a r e  

readily removable a r e  called corner  blocks (of which there a r e  four) and the 

center shield. The center shield is placed directly below the core  weldment 

s t ructure  c ross  member (see Figures 30 and 31) and is 15.4 cm (6.06 in. ) high 

by 24.8 c m  (9.8 in. ) wide by 59.6 cm (23.5 in. ) long. 

2.54-cm(l .O-in. )-thick polyethylene sheets stacked together, and weighs, in 

total, 20.975 kg. 

in one c ros s  section, look approximately like the s t ructure  shown in Figure 31. 

One block is located below each of the spaces between Drums  1 and 2, 2 and 3, 

4 and j5, and 5 and 6. 

It i s  made up of nominally 

The corner blocks a r e  odd-shaped pieces of polyethylene that, 

They weigh 1.215 kg each. 

A summary of the polyethylene shield data i s  given in Table 6.  The poly- 

ethylene mater ia l  f rom which the shield was constructed was purchased in 

sheet fo rm qnd conforms to Federal  Specification L-P-390, Type 2, low density 

(0.910 to 0.9k5 gm/cm ). 

samples of the sheets and a r e  reported in Appendix A. 

3 Chemical analyses were conducted on representative 

c. Reactivity Worth of Shields 

After the full polyethylene shield, as described above, was installed around 

the core structure,  groups of fuel elements, already loaded with fuel in accord- 

ance with the 3-zoned configuration, were placed in the reactor  and a standard 

1 /M approach-to-critical was car r ied  out. A Cf252 source was placed a t  the 

center of the core  and, before loading began, was used to establish a back- 

ground neutron count ra te .  

neutron detectors (Channels 2, 3, and 4) were placed on top of the top shield. 

The remaining three detectors (Channels 1, 5, and 6 )  were placed on the sample 

changer table which was 23.5 c m  (9.3 in. 1 below the bottom surface of the table 

on which the reactor is mounted (see Figure 1). 

measured af ter  the core was loaded with 66, 155, 200, 223, 234, 240, 242, and 

243 fuel elements. 

cri t ical .  Elements in Positions 7-6, 9-12, 8-6, and 0-1 were absent. 

elements were added, one a t  a time and in the order  listed, the excess reactiv- 

ity assumed values of 16, 49, 69, and 137d respectively. 

For this ser ies  of experiments, three of the six 

Neutron count levels were 

With 243 fuel elements in place, the reactor was st i l l  sub- 

As these 

A d rum calibration (see Figure 10)  was performed and established that the 

total excess  reactivity that would exist i f  a l l  drums were driven to the fuel-full- 

in  position would be 136.7d. This value represents the total excess available in 
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the three-zoned, power-flattened core with a complete polyethylene shield in  

place (Core 1.1). 

To obtain the reactivity effects of the top and bottom polyethylene shield 

relative to the total shield worth, an intermediate excess  reactivity measure-  

ment was obtained before the entire shield was removed. 

ylene mass  of 352.668 kg making up the full shield, 110.584 kg were  removed. 

Of this 110.584 kg, 84.749 kg represented the top shield and 25.835 kg repre-  

sented the removable portion of the bottom shield; i.e., the center shield and 

the corner blocks. The all-drums-in excess reactivity of the reactor  with the 

11 0.584 kg of polyethylene removed was 121.1 6 (Core 1.2), thus indicating that 

the "axialI1shields a r e  worth 15.66. 

Of the total polyeth- 

All of the polyethylene shield mater ia l  was removed from the reactor  and 

the all-drums-in excess  reactivity was again measured with the standard poly- 

ethylene boxes situated around the six detectors which had been returned to the 

positions indicated in Figure 8. 
be 44.66, which, when corrected for the worth of the polyethylene boxes, yielded 

a net excess of 30.66 (Core 1.0). 

106.1 #. 

The value of the excess  reactivity was found to 

The net worth of the fuel shield was therefore 

d. Control Characterist ics of the Polythylene Shielded Core (Core 1.1) 

With the full polyethylene shield in place, a s e r i e s  of d rum calibrations was 

performed to establish the reactivity control inherent in each of the six drums 

driven individually. 

each d rum out to about 90 O of a rc ,  whereupon a continuous drive to full-out (1 80 ") 

was performed, A typical worth curve was shown in Figure 10. The total con- 

t ro l  swings measured for Drums 1, 2, 3, 4, 5, and 6, taken individually, were 

235.2, 239.1, 234.4, 234.9, 240.5, and 234.36, respectively. 

A calibration by the step-wise technique was ca r r i ed  out on 

To measure the worth of all drums ganged by the inverse counting technique, 

the central  fuel element in  Position 0-1 was removed and a Cf252 source was 

placed a t  the core center. 

through 1-6, inclusive, was reduced to 5 rods each of the 0.432-cm(0.170-in.)- 

diam U in order  to reduce the total excess to less than 406. 

ing was performed with all  rods banked to 23, 28, 40, 60, 80, 100, 120, 140, 

The fuel loading in each element in  Positions 1-1 

The inverse count- 
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160, and 175". 

were located as shown in Figure 8. The total worth was found to be $15.36 

which represents  the average worth as determined by two channels and two 

normalization points (23" and 28"). 

ized a t  23" is given in Figure 32. 

$2.36; consequently, if no interaction takes place, the total worth would be ex- 

pected to be $14.18. 

Counting data were recorded by Channels 1, 2, and 6 which 

A plot of the data f rom Channel 6 normal- 

The average worth of a single drum is about 

e. The Power Distribution in the Polyethylene Shielded Core (Core 1.2) 

The power distribution in a one-twelfth sector of the three-zoned, power- 

flattened core was measured with the full polyethylene shield in place. 

seven uranium wires  each 0.066 cm (0.026 in.) in diameter were placed in the 

one-twelfth sector defined by the plane passing through the axis of the core and 

the axis of the fuel element in  Position 10-2, and by the plane passing through 

the axis of the core and the axis of the fuel element in Position 5-3 (see Fig- 

u r e  33) .  Control Drums 1, 2, 4, and 5 were in the fuel-full-in position whereas 

Control Drums 3 and 6 were banked to 54'10' in o rde r  to maintain level power, 

After irradiation, one wire segment about 1.27 c m  (0.5 in.) long was cut f rom 

the top, f rom the center, and from a point halfway in between each of the 27 

wires. The uranium wires  in  fuel elements in Positions 0-1, 10-2, 5-3, and 

11 -11 were  completely segmented and counted over their entire lengths. The 

resul ts  of this experiment were previously given in Figures 19 and 20 and a r e  

tabulated in Tables 7 and 8. 

Twenty- 

2. 

a. Core Description 

The Neutron Spectrum a t  the Core-Reflector Interface 

Upon completion of the studies pertaining to the polyethylene shield, the fuel 

elements in the three-zoned, power-flattened core were removed along with the 

shield, and the fuel cluster was disassembled. 

recoil  spectrometer measurements at the upper core-reflector interface, a fuel 

cluster consisting of 6 of the 0.432-cm(0.170-in.)-diam uranium rods and 7 of 

the 0.1 52-cm(0.060-in,)-diam uranium wires  was formed and placed in each of 

the 247 fuel elements. 

In preparation for the proton- 

Al l  W, Hf, and Ta foil was removed a s  shown in Table 2. 
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DRUM POSITION (degrzes of arc) 
(ZERO DEGREES= FUEL F ILL  IN) 

6526-4620 

Figure 32.  Reactivity Worth of All Drums Ganged 
Polyethylene Shielded Core 
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TABLE 7 

RADIAL POWER DISTRIBUTION 
(Polyethylene Shielded Core) 

RELATIVE POWER 

Wire 
Segment 
Number 

1 
2 
3 
4 

5 
6 
7 
8 
9 
10 
1 1  
12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Radius 
(cm) 

0 

2.18 
3.85 
4.40 
5.87 
6.67 
7.70 
7.98 
8.85 
9.64 
9.99 
11.07 
11.47 
11.75 
12.36 
13.56 
13.83 
14.55 
14.68 
15.28 
15.42 
16.65 
17.1 5 
17.35 
18.80 
19.07 
19.18 

Fuel 
Element 
Number 
0-1 
1 - 1  
2-3 
2-2 
3-3 
3-2 
4-5 
4-4 
4-3 
5- 5 
5-4 
5- 3 

6-6 
6-5 
6 -4 
7-4 
7-3 

11-5 
11-4 

8 -4 
8-3 
11-6 
9-2 
11-10 
1 1 - 1 1  
10-2 
11-7 

Center 
z = 0.0 cm) 

0.987 
0.976 
0.983 
0.961 
0.960 
0.947 
0.91 1 
0.91 8 
0.91 5 
0.888 
0.868 
0.862 
0.821 
0.839 
0.81 2 
0.817 
0.776 
0.775 
0.769 
0.684 
0.74 3 
0.69 5 
0.749 
0.686 
0.645 
0.635 
0.649 

Midway 
( z  = 8.89 cm) 

0.908 
0.914 
0.889 
0.877 
0.874 
0.866 
0.841 
0.850 
0.838 
0.817 
0.793 
0.797 
0.769 
0.770 
0.743 
0.722 
0.709 
0.699 
0.704 
0.673 
0.673 
0.631 
0.643 
0.641 
0.588 
0.579 
0.592 

TOP 
( Z  = 17.78 cm) 

0.690 
0.71 3 
0.6 58 
0.662 
0.6 51 
0.635 
0.629 
0.633 
0.616 
0.61 8 
0.61 1 
0.605 
0.577 
0.560 
0.545 
0.528 
0.530 
0.527 
0.51 5 
0.521 
0.51 5 
0.499 
0.490 
0.457 
0.434 
0.434 
0.445 

74 



TABLE 8 
AXIAL POWER DISTRIBUTION 

(Polyethylene Shielded Core) 
RELATIVE POWER 

, 
Wire 

Segment 
Number 

TOP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Bottom 

Di 8 t ance 
From Core 

Center 
(cm) 

17.78 
16.56 
15.34 
14.1 1 
12.89 
11.67 
10.45 
9.23 
8.00 
6.78 
5.56 
4.34 
3.12 
1.90 
0.67 
-0.55 
-1.77 
-2.99 
-4.21 
- 5.44 
-6.66 
-7.88 

-9.10 
- 10.32 
- 11.55 
- 12.77 
- 13.99 
-15.21 
- 16.43 
- 17.66 

0.690 
0.71 9 
0.7 59 
0.788 
0.824 
0.852 
0.875 
0.898 
0.928 
0.937 
0.954 
0.977 
0.975 
0.993 
0.997 
0.978 
0.971 
0.987 
0.970 
0.957 
0.949 
0.946 
0.932 
0.907 
0.863 
0.847 
0.811 
0.799 
0.741 
0.72 1 

5-3 
R 11.07 cm) 

0.605 
0.632 
0.672 
0.688 
0.706 
0.743 
0.769 
0.787 
0.798 
0.830 
0.843 
0.85 
0.8 39 
0.861 
0.857 
0.868 
0.802 
0.866 
0.847 
0.848 
0.837 
0.816 
0.79 5 
0.785 
0.760 
0.722 
0.704 
0.680 
0.654 
0.609 

11-11 
R = 18.80 cm) 

0.434 
0.456 
0.482 
0.508 
0.528 
0.544 
0.559 
0.584 
0.600 
0.61 0 
0.61 5 
0.628 
0.645 
0.642 
0.644 
0.644 
0.644 
0.650 
0.647 
0.629 
0.621 
0.616 
0.604 
0.582 
0.570 
0.549 
0.528 
0.492 
0.474 
0.449 

10-2 
R = 19t.07 cm) 

0.434 
0.456 
0.466 
0.502 
0.522 
0.531 
0.550 
0.578 
0.592 
0.604 
0.603 
0.61 3 
0.634 
0.622 
0.639 
0.633 
0.646 
0.638 
0.628 
0.612 
0.609 
0.596 
0.592 
0.570 
0.556 
0.539 
0.532 
0.493 
0.470 
0.441 
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The total weight of fuel in all elements was 174.991 kg with an average weight 

per element of 708.46 gm. 

to H . 2  gm. 

The absolute spread in mass was l e s s  than o r  equal 

To install  the spherical proton-recoil detector in the core, the central  

seven fuel elements (0-1, and 1-1 through 1-6, inclusive) were  removed from 

the reactor. 

placed seven short  elements that contain all of the core  materials,  including 

Li N, that would normally be installed in a standard fuel element. These 

special elements, which a r e  described in detail in Appendix C of Reference 1, 

contain a 15.24-cm(6.O-in.)-long fuel cluster and a r e  sealed in  the top of a Ta 

plug a s  shown in Figure 34. 

elements, were placed six special spacer elements, each of which consisted of 

a 17.02-cm(6.7-in.)-long Ta honeycomb tube into which was placed a 17.02-cm 

(6.7-ine)-1ong Ta fuel tube and a 15.24-cm(6.O-in.)-long fuel cluster. 

fuel tube was located concentrically within the honeycomb tube by means of an 

annular-shaped Ta foil that was tack-welded into place as shown in Figure 35. 
These spacer  elements served to located the proton-recoil detector in such a 

way that the top of the spherical active counting volume was tangent to the plane 

that defines the interface between the top of the active core and the bottom of 

the top axial reflector zone (see Figure 36). 

that surrounds the proton recoil  

elements, a r e  located six standard axial reflector segments. Short lengths, 

10.00 c m  (3.94 in.), of Ta honeycomb and fuel tubes a r e  used with each reflector 

segment so that the standard core configuration is maintained above the detector. 

A special small-  diame te r  0.6 35 - cm( 0.2 5 -in.) -high-voltage-signal lead was fabri  - 
cated. 

3.8 c m  (1.5 in.) high with an OD of 2.11 c m  (0.83 in.) and an ID of 0.64 cm 

(0.250 in.). 

around the coil. 

In these seven positions and a t  the bottom of the reactor  were 

7 
3 

On top of these so-called "proton-recoilf1 fuel 

The Ta 

On top of the T-111 spacer sleeve, 
detector and which r e s t s  on top of the spacer 

A foil of Mo metal  was wrapped around the lead to fo rm a tube about 

A 3.81-cm(1.5-in.)-long section of Ta honeycomb tube was placed 

b. Spectrum Measurements 

With the above-described arrangement of mater ia ls  and detector, a ser ies  

of proton-recoil spectrum measurements was car r ied  out using the experimental 

technique described a t  the beginning of this report. 

plotted in Figure 37, covered the energy range from about 40 kev to 2.3 MeV. 

The spectrum, which is  
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Normalization factors  of 1.45, 0.85, and 1.35 were applied to the data obtained 

f rom detectors designated 8.1 CH, 0.91 H 
resul ts  f r o m  the la t ter  detector were analyzed by 2-parameter techniques. In 

order  to verify that the different energy calibration gases  do not deleteriously 

affect the derived spectra, duplicate measurements were made and analyzed 

using two different detectors with the same pr imary detector gas and gas pres -  

su re  but with different calibration gases. A s  can be seen in the figure, no sig- 

nificant discrepancies occurred. 

designations r e fe r s  to the pressure of the filling gas  in atmospheres. 

values of 8.1, 2.63, and 0.91 a t m  a r e  equivalent to 8.20 x lo5 ,  2.66 x 10 , and 

0.92 x 10 neutrons/m , respectively. 

and 2.63 H2, respectively. The 2’ 

The numerical value in  each of the detector 

The 
5 

5 2 

3. 

a. Core Description 

The Reactivity Worth of Ta (Cores 2.0 and 2.1) 

Upon completion of the proton-recoil spectrometer investigations, the 

standard fuel elements were returned to their normal  locations in Positions 0-1 

through 1-6, inclusive. Some fuel adjustments were made in the core  to facili- 

tate a uniform withdrawal of U wire during la ter  phases of the program. 

total m a s s  of uranium in the re-established core was 174.88334 kg and was 

uniformly distributed such that the weight of fuel in  any element did not differ 

f rom the average by more  than *1,2 gm. 

non-fuel mater ia l s  in  the core  were presented in  Tables 1 and 2. 

quantity of Ta in the active core was 49.01 kg. 

the base case for Ta wire addition, was designated Core 2.0. 

The 

The data pertaining to the mass of 

The total 

This core, which represents  

I b. Reactivity Worths 
I 
I The objective of this se r ies  of experiments was to determine the reactivity 

effect of adding, in a uniform manner, an additional 9.54 kg of Ta in the fo rm 
I of wire to the 49.01 kg already present, The all-drums-in excess reactivity for 
I 

the base case was initially determined to be 168.56. 

of one Ta wire, 0.279 c m  (0.110 in.) in diameter by 36.83 c m  (14.5 in.) long, in 

each of 247 fuel elements was expected on the basis  of previous work to decrease 

the sys tem reactivity by about 166, a reactivity measurement at a drum position 

(in this case, 11 3.0’) that would produce a positive reactor  period corresponding 

Inasmuch a s  the addition 

1 
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to an insertion of about this amount was made. 

drum position could then be made after the Ta was added and could be used to 

obtain a more accurate measurement of the Ta worth than would be possible on 

the basis of drum calibration curves alone, 

113"O' (all other drums full-in), a positive period corresponding to an excess of 

15.56 was observed. 

has  been added, the reactivity-vs-time behavior with Drum No. 6 a t  113'0' (all 

other drums full-in) yielded a reactivity value of -1.86. 

worth of 9.54 kg of Ta was determined to be -17.36. 

tained by the differences in the all-drums-in excess reactivity values for Cores 

2.0 and 2.1, i s  in reasonably good agreement with this result. 

A new measurement a t  this 

For  Core 2.0 and Drum No. 6 a t  

For  Core 2.1 which corresponds to 2.0 except that the Ta 

Thus, the reactivity 

The value of -196, as ob- 

An estimate of the cri t ical  masses  of these two cores  can be made using a 

conversion factor (50.66/kg) derived for a nearly identical core described in 

Reference 1, p. 133. If this i s  done, cri t ical  m a s s  values of 171.55 and 171.93kg 

a r e  obtained. 

determined for Core 2.0 and from fuel full-in to 115 degrees of a r c  for Core 2.1. 

These results were previously shown in Figures 11 and 12. 

A drum calibration curve from fuel full-in to fuel full-out was 

4. Axial Reflector Worths (Cores 3.0, 3.1, 3.2 and 3.3) 

a. Reactivity Data Pertaining to a Core with 9.80-cm(3.86-in.)-long 
- Cylindrical Mo Reflector Components a t  One End 

The 247 Ta wires  were removed f rom the fuel elements in Core 2.1 along 

with the 247 cylindrical Mo reflector components located a t  the bottom of the 

fuel elements (see Figure 6). 
nents was segmented into three lengths, one 4.90 cm (1.93 in.) long and two each 

2.45 c m  (0.96 in.) long. 

with the loss  of Mo in the saw-cut, each fuel element was reassembled with 

three short  segments placed end-to-end a t  the bottom of the element in order  to 

form a reflector 9.80 c m  (3.86 in.) high. 

10.00-cm(3.94-in.) value for the standard reflector. 

on the other end of the fuel element, the all-drums-in excess reactivity was 

determined to be 160.16 (Core 3.0). 

3.0 in all  respects except that the reflector at  one end was shortened to 9.80 c m  

in the latter case. 

Each of these cylindrical Mo reflector compo- 

In order  to ascer ta in  the reactivity change associated 

This height i s  to be compared to the 

With the standard reflector 

Similarly, Core 2.0 was identical to Core 

A comparison of the two all-drums-in excess  reactivity 

82 



values can be made in order  to evaluate the reactivity effect of losing 0.20 cm 

of Mo. All 247 full-length 

solid Mo segments that constituted a portion of the upper reflector weighed 

44.20 kg, whereas the stacks of three s h o r t  segments that constituted a portion 

of the lower reflector weighed 43.1 1 kg. 

The difference between the two values is -8.44. 

b. Reactivity Data Pertaining to a Core with 4.90-cm(1.93-in.)-long 
- Cylindrical Mo Reflector Components at Both Ends 

At the conclusion of the above experiment, the fuel elements were recon- 

figured in such a way that one 4.90-cm(1.93-in.)-long cylindrical Mo reflector 

component was placed adjacent to the active core on one end of the element and 

two 2.45-cm(0.96-in.)-long cylindrical Mo reflector components were placed 

end-to-end adjacent to the active core on the other end of the element. 

reflector segments were maintained in a position adjacent to the core by means 

of an aluminum (6061-T6) spacer tube 1.27 c m  (0.50 in.) in outside diameter, 

1.16 c m  (0.46 in.) in inside diameter, and 5.10 cm (2.01 in.) long. 

one a t  each end of the fuel element, were placed inside each fuel tube between 

the end-cap and the Mo segment. 

average weight of one spacer was determined to be 2.942 gm. The average 

weight of each Mo segment that was 4.90 c m  (1.93 in.) long was 87.20 g m  a s  

determined by a sampling of 21 pieces and the average weight of each Mo seg- 

ment that was 2.45 c m  (0.96 in.) long, as  determined by an identical sampling, 

was 43.54 gm. The measured weights of 247 segments each 4.90 c m  (1.93 in.) 

long and 494 segments each 2.45 c m  (0.96 in.) long were 21.55530 and 21.55180 

kg, respectively. Except for these changes in the cylindrical component of the 

axial reflector, al l  other core  components, including the 1 O-cm(3.94-in.)-long 

eccentric annular axial reflectors, remained unchanged relative to Cores 2.0  

and 3.0. 

These 

Two spacers,  

On the basis  of a sampling of 40 spacers,  the 

With the cylindrical portion of the axial reflector reduced to approximately 

one-half its original value (thus reducing the total axial reflector mass to 72.4570 

of its previous value), a measurement of the all-drums-in excess reactivity 

was conducted on the core (Core 3.1). 

that differed f rom that for  Core 2.0 (168.54) by 156.84. 

of this amount occurred. 

This measurement yielded a value (11.76) 

Thus a loss  in reactivity 

Relative to Core 3.0 the loss was 148.44. 
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Since the all-drums-in excess  reactivity value for  Core 3.1 was down to 

only 25.76 (neglecting the polyethylene boxes) and since the reduction of the 

cylindrical Mo reflector segments by another factor of 2 would be expected to 

render the reactor subcritical, a fuel adjustment was car r ied  out. This adjust- 

ment consisted of the removal of the 6-rod, 7-wire cluster in each fuel element 

and i t s  replacement by a 7-rod cluster with no uranium wires. 

of uranium in the reassembled core (Core 3.2) was increased uniformly (k1.2 g m  

in absolute spread) by 2.3246 to 177.2079 kg. 

increased by 139.5d to  15 1.2C. 

factor which i s  significantly greater  than that assumed for Cores  2.0 and 3.0 on 

the basis of prior experiments. 

critical mass value of 174.69 for Core 3.2. This increase in the conversion fac- 

tor  is  possibly the resu l t  of increased axial leakage f rom the core. 

The total m a s s  

The all-drums-in excess  reactivity 

This change in reactivity implies a conversion 

The value of 60.06lkg was used to derive a 

A drum calibration was also conducted in  Core 3.2 and the data were pre-  

sented in  Figure 13  of Section 11-A of this report. 

c. Reactivity Data Pertaining to a Core with 2.45-cm(0.96-in.)-long 
- Cylindrical Mo Reflectors a t  Both Ends 

In o rde r  to determine the reactivity effects of reducing the cylindrical Mo 

reflector segments to approximately one-fourth of their  original value, the fuel 

elements were  removed f rom the core and one of the two 2.45-cm(0.96-in.)-long 

cylindrical Mo reflectors that were located a t  the bottom of the element was 

used to replace the 4.90-cm(1.93-in.)-long reflector segment a t  the top. 

each of the 247 fuel elements was changed such that one cylindrical Mo reflector 

2.45 c m  (0.96 in.) long was located a t  each end. 

aluminum spacer was installed between the lower aluminum endcap and the Mo 

segment in order to keep the segments adjacent to the active core. 

num spacers  were 1.27 c m  (0.50 in.) in outside diameter, 1.16 c m  (0.46 in.) in 

inside diameter, a n d  7.55 cm (2.97 in.) long. 

that the average weight of aluminum (6061-T6) per spacer was 4.343 gm. Except 

for these changes in the cylindrical portion of the axial reflector, all other core 

components remained unchanged relative to Core 3.2. 

Thus 

A s  was done previously, an 

These alumi- 

A sampling of 20 pieces indicated 

Upon reassembling the core (Core 3.3), a measurement  of the all-drums-in 

excess  reactivity was conducted. The shorter axial reflectors reduced the excess  
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f rom 151.2 to 19.86, thus indicating a reactivity change of 131.4C a s  a result  of 

replacing the 4.9 0 - cm(  1.9 3 -in.) -long reflector segments by 2.4 5 - cm(  0.96 -in.) - 
long reflector segments. Assuming a linear relationship, one would therefore 

deduce that the reduction of the length of the 494 cylindrical axial reflector seg- 

ments (247 on each end) f rom 1 0  c m  (3.94 in.) to 2.45 cm (0.96 in.) would result  

in a total loss  of reactivity of 288.46. 

averaged worth of uranium remained a t  the previously measured value of 60.0$/kg, 

a cri t ical  m a s s  value of 176.88 kg of fuel was derived. 

continuous drive technique, of the worth of Drums No. 3 and 6 f rom full-in to 

full-out was determined in Core 3.3 and was shown in Figure 14 in Section 11-A. 

A step-wise calibration over the short  interval f rom zero degrees of a r c  to about 

50 degrees of a r c  was also conducted for both Drums No. 3 and6. 

sults a r e  in reasonably good agreement with the continuous drive information. 

A total control swing of about 2216 was observed. 

d. Power Distribution Measurements 

Also, on the assumption that the core-  

A measurement, by the 

The latter r e -  

Two power distribution measurements in this third ser ies  of cores  were 

In the f i r s t  (Core 3.2), in which the cylindrical axial reflectors car r ied  out. 
I were 4.90 c m  (1.93 in.) long, one 0.060-cm(0.026-in.)-diam U wire was placed 

in each of the 27 fuel elements making up the one-twelfth core sector shown in 

Figure 38. The two drums closest  to this one-twelfth sector and the two drums 

diametrically opposite these were placed in the fuel full-in position and Drums 3 

and 6 were banked to 27 "20' and 27 "1 5', respectively. 

about 1 hour a t  38 watts, the wires in Positions 0-1, 10-2, 11-11, 5-3, 4-5, 

I 

After an irradiation of 

I 

l 

I 
/ 

and 8-3 were cut over their entire lengths into approximately 1.27-cm(0.5-in.)- 

long segments, All of these segments were counted in a NaI crystal  spectrom- 

e t e r  and the resulting data were corrected for  radioactive decay, mass  differ- 

ences, and background count. One 1.27-cm(O.50-in.)-wire segment f rom the 

I top and one f rom the midpoint of each of the remaining 21 wires were counted 

and a similar analysis conducted. 

a function of both radial and axial location were shown in Figures 20 and 21. 

tabulation of the results i s  given in Tables 9 and 10. 

The resulting relative power distributions as 
l 

A 

Identical power distribution measurements for Core 3.3 [in which the cylin- 

dr ical  axial reflectors were 2.45 c m  (0.96 in.) lond were car r ied  out. In this 
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TABLE 9 

RADIAL POWER DISTRIBUTION 
(4.94-cm Axial Mo Reflector) 

RELATIVE POWER 

Wire 
Segment 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 

11 

12 

13  

14 
1 5  

16 

1 7  

18 

19 
20 

21 

22 

23 

24  

25 

26 

27 

Radius 
( cm) 

0 

2.1 8 

3.85 

4.40 

5.87 

6.67 

7 .70  

7.98 
8.85 

9.64 
10.16 

11.07 

11.47 

11.75 

12.30 

13.45 

13.77 

14.68 
15.20 

15.28 

15.48 

16.59 

16.89 

17.26 

18.34 

18.53 

19.13 

Fue 1 
E 1 e me nt 
Number 

0-1 

1-1 

2-3 

2 -2 

3-3 

3 -2 

4-5 

4-4 

4-3 

5-5 

5 -4 

5-3 

6 -6 
6-5 

6 -4 

7-4 

7-3 

11 -4 

11-5 

8 -4 

8-3 

11 -6 
11-10 

9 -2 

11-11 

11 - 7  
10-2 

87 

Center 
z = 0.0 cm) 

0.994 

1.003 

1.036 

0.974 

0.986 

0.958 

0.9 54 

0.976 

0.931 

0.914 
0.876 

0.838 

0.851 

0.831 

0.887 

0.803 

0.788 

0.763 

0.743 

0.753 

0.736 

0.696 

0.708 

0.702 

0.658 

0.623 

0.641 

TOP 
(z = 17.5 cm) 

0.657 

0.6 52 

0.674 

0.680 

0.675 

0.639 
0.631 

0.655 

0.646 

0.603 

0.601 

0.547 

0.572 

0.551 

0.602 

0.534 

0.522 

0.507 

0.495 

0.500 

0.502 

0.456 

0.477 

0.471 

0.41 8 

0.400 

0.41 8 



Wire 
Segment 
Number 

TOP 
1 

2 

3 

4 

5 

6 

7 

8 

9 
10  

11 

12 

13 

14  

15 

16 

17  

18  

19 

20 

21 

22 

23 

24  

25 

26 

27 

28 

29 

Bottom 

Distance 
From Core 

Center 
(cm) 

17.5 

16.25 

15.0 

13.75 

12.5 

11.25 

10.0 

8.75 

7.5 

6.25 

5.0 

3.75 

2.5 

1.25 

0.0 

-1.25 

-2.5 

-3.75 

-5.0 

-6.25 

-7.5 

-8.75 

-10.0 

-11.25 

- 12.5 

- 13.75 

- 15.0 

- 16.25 

- 17.5 

T A B L E  1 0  
AXIAL POWER DISTRIBUTION 
(4.94-cm Axial  Mo Reflector) 

RELATIVE POWER 

0-1  
( R  = 

0.0 CTrS 

0.657 

0.697 

0.733 

7.67 

8.05 

0.840 

0.869 

0.886 

0.922 

0.940 

0.952 

0.969 

0.965 

0.988 

0.994 

0.989 

0.986 

0.981 

0.970 

0.9 54 

0.935 

0.901 

0.896 
0.883 

0.834 

0.820 

0.780 

0.743 

0.706 

4 -5  
(R = 

7.70 cm) 

0.631 

0.676 

0.71 3 

0.744 

0.784 

0.81 6 

0.869 

0.872 

0.902 

0.91 7 

0.924 

0.942 

0.923 

0.965 

0.954 

0.953 

0.957 

0.975 

0.930 

0.946 

0.91 3 

0.882 

0.871 

0.845 

0.8 10 

0.79 1 

0.754 

0.7 17 

0.686 

5-3 
(R = 

11.07 crr3 

0.547 

0.591 

0.627 

0.649 

0.684 

0.720 

0.744 

0.761 

0.779 

0.786 

0.814 

0.816 

0.808 

0.843 

0.838 

0.836 

0.846 

0.832 

0.818 

0.837 

0.801 

0.766 

0.762 

0.737 

0.708 

0.684 

0.659 

0.632 

0.598 

88 

8-3 
(R = 

15.48 cm) 
~ 

0.502 

0.535 

0.568 

0.593 

0.630 

0.645 

0.668 

0.694 

0.719 

0.731 

0.730 

0.742 

0.7 52 

0.732 

0.736 

0.733 

0.746 

0.743 

0.737 

0.721 

0.718 

0.718 

0.680 
0.66 1 

0.645 

0.615 

0.579 

0.562 

0.531 

11-11 
( R  = 

18.34 cm) 

0.41 8 

0.457 

0.486 

0.503 

0.528 

0.5 58 

0.563 

0.584 

0.603 

0.623 

0.642 

0.647 

0.643 

0.651 

0.658 

0.651 

0.659 

0.639 

0.640 

0.640 

0.61 0 

0.61 9 

0.597 
0.581 

0.562 

0.541 

0.516 

0.487 

0.464 

10-2 
(R = 

19.13 cm) 
-- 

0.41 8 

0.444 

0.475 

0.504 

0.532 

0.548 

0.562 

0.580 

0.604 

0.616 

0.651 

0.647 

0.643 

0.638 

0.641 

0.644 

0.657 

0.638 

0.634 

0.640 

0.605 

0.592 

0.587 
0.567 

0.544 

0.524 

0.500 

0.473 

0.454 



case, Drums 3 and 6 were  banked to 31 OO' to maintain level power and all other 

drums were placed with fuel full-in. For irradiation purposes, the locations of 

the uranium wires  corresponded to those shown in Figure 38. The wire segments 

were cut and counted, and the data were analyzed as outlined above. 

were previously shown in Figures 22  and 23, and a r e  tabulated in Tables 11 and 

12. 

The results 

5. Reactivity Worth of a Uniform Addition of Tungsten (Cores 4.0 through 4.3) 

In Core 3.3, the fuel configuration in each of the 247 fuel elements consisted 

of a 7-rod cluster of 0.432-cm(0.170-in.)-diam U rods with no large diameter 

0.1 52-cm(0.060-in.) U wires. 

(0.96 in.) high on both the top and bottom of each fuel element, 

measure the reactivity worth of uniform additions of W, the fuel elements were 

unloaded and were re-configured to achieve a 6-rod cluster with 6 of the 0.152- 

cm(O.060-in.)-diam uranium wires. 

to rs  were changed to 10.00 c m  (3.94 in.) and 9.84 cm (3.88 in.), respectively. 

The total mass of uranium in the core, distributed uniformly within *1.2 gm, 

was 171.86181 kg. The all-drums-in excess reactivity of this core (Core 4.0) 

was determined to be 23.56 without correction for the polyethylene boxes, and 

9.5k after correction for the polyethylene boxes. A s  can be seen in Table 2, i f  

a conversion factor of 50.66lkg is assumed (on the basis  of measurements per-  

formed on the previous program), a cri t ical  m a s s  of 171.67 kg is  derived for 

this base case. This value of the cri t ical  mass is in very good agreement with 

that obtained for Core 3.0 (see Table 2 )  to which i t  is identical in t e rms  of non- 

fuel mater ia ls .  

length axial reflectors on both top and bottom, 

that would be expected as a result  of the slightly shorter axial reflectors on one 

end of the elements of Core 4.0. 

average worth fo r  fuel is  calculated to be 49.8klkg. 

for the conversion factor, a cri t ical  mass  identical, within statist ical  uncer- 

tainties to that quoted above, is  obtained. 

The cylindrical axial Mo reflectors were 2.45 c m  

In o rde r  to 

The upper and lower cylindrical Mo reflec- 

It differs only slightly from that for Core 2.0 which has  ful l -  

The difference is  in the direction 

From the data for Cores 3.0 and 4.0, a core- 

On the bas i s  of this value 

After obtaining the all-drums-in excess reactivity for Core 4.0, a W rod, 

0.457 c m  (0.18 in.) in diameter by 37.53 c m  (14.77 in.) long, was added to the 

center of each fuel cluster in each of the 247 fuel elements. The all-drums-in 

89 



T A B L E  11 

RADIAL POWER DISTRIBUTION 
(2.45-cm Axia l  Mo R e f l e c t o r )  

RELATIVE POWER 

Wire  
Segment  
Number  

1 

2 

3 

4 

5 

6 
7 

8 

I 

Radius  
(cm) 

0 

2.18 

3.85 

4.40 

5.87 

6.67 

7.70 

7.98 

8 .85  

9.64 
10.16 

11 .07  

11 .47  

11.75 

12.30 

13 .45  

13.77 

14.68 

15.20 

15 .28  

15.48 

16 .59  

16.89 

17.26 

18 .34  

18 .53  

19.1 3 

F u e l  
Element 
N u m b e r  

0-1 

1-1 

2 - 3  

2-2  

3 -3  

3-2  

4 - 5  

4 -4 

4 - 3  

5 - 5  

5 -4 
5 -3 

6-6  
6 -5  

6 -5 

7 - 4  

7 -3  

11 -4  

11 - 5  

8 - 4  

8 - 3  

11-6 
11-10  

9-2 
11-11 

1 1 - 7  

10-2  

C e n t e r  
[z = 0.0 cm) 

0.987 

0.993 

0.965 

0.966 

0.964 

0.925 

0.931 

0.927 

0.886 

0.922 

0.872 

0.846 

0.857 

0.826 

0.789 

0.806 

0.771 

0.763 

0.733 

0.755 

0.730 

0.71 2 

0.678 

0.703 

0.645 

0.630 

0.609 

TOP 
( z  = 1 7 . 5  c m )  

0.616 

0.648 

0.656 

0.635 

0.614 

0.631 

0.629 

0.618 

0.563 

0.578 

0.561 

0.561 

0.566 

0.539 

0.51 9 
0.531 

0.495 

0.488 

0.468 

0.489 

0.498 

0.455 

0.466 

0.431 

0.409 

0.388 

0.404 

90 



TABLE 12 
AXIAL POWER DISTRIBUTION 

(2.45-cm Axial Mo Reflector) 

RELATIVE POWER 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

I 23 
24 
25 
26 
27 
28 
29 

Bottom 

I 

I 

I 

r 
I 

~ ~~ 

Wire 
Segment 
Number 

TOP 
1 
2 
3 
4 
5 

6 
7 
8 
9 
10 
1 1  
12 

Distance 
From Core 

Center 
(cm) 

17.5 
16.25 
15.0 
13.75 
12.5 
11.25 
10.0 
8.75 
7.5 
6.26 
5.0 
3.75 
2.5 
1.25 
0.0 
-1.25 
-2.5 
-3.75 
-5.0 

-6.26 
-7.5 
-8.75 
-10.0 
-11.25 
-12.5 
-13.75 
-1 5.0 
-1 6.26 
-17.5 

0-1 
(R = 
0.0 cm) 

0.616 
0.677 
0.713 
0.755 
0.789 
0.822 
0.842 
0.868 
0.896 
0.931 
0.941 
0.964 
0.981 
0.977 
0.987 
0.985 
0.995 
0.987 
0.976 
0.962 
0.958 
0.933 
0.918 
0.883 
0.841 
0.817 
0.791 
0.752 
0.719 

4-5 

(R = 
7.70 cm) 

0.629 
0.667 
0.707 
0.753 
0.780 
0.806 
0.826 
0.871 
0.880 
0.904 
0.916 
0.923 
0.931 
0.944 
0.931 
0.948 
0.929 
0.941 
0.929 
0.916 
0.883 
0.880 
0.841 
0.827 
0.800 
0.770 
0.720 
0.693 
0.668 

5-3 
(R = 
11.07 cm) 

0.. 56 1 
0.588 
0.621 
0.622 
0.693 
0.724 
0.744 
0.775 
0.772 
0.786 
0.818 
0.81 5 
0.821 
0.820 
0.846 
0.851 
0.838 
0.832 
0.779 
0.81 5 
0.821 
0.785 
0.763 
0.744 
0.730 
0.700 
0.667 
0.643 
0.608 

8-3 
(R = 

15.48 cm) 

0.498 
0.525 
0.564 
0.585 
0.614 
0.634 
0.649 
0.660 
0.676 
0.687 
0.702 
0.71 5 
0.715 
0.720 
0.730 
0.732 
0.726 
0.71 5 
0.717 
0.720 
0.692 
0.676 
0.669 
0.649 
0.629 
0.606 
0.578 
0.539 
0.523 

11 - 1 1  
(R = 

18.34 cm) 

0.409 
0.444 
0.477 
0.503 
0.627 
0.547 
0.573 
0.584 
0.605 
0.651 
0.641 
0.635 
0.650 
0.649 
0.645 
0.650 
0.649 
0.643 
0.627 
0.622 
0.609 
0.595 
0.569 
0.567 
0.536 
0.519 
0.492 
0.466 
0.436 

1 

10-2 
(R = 
19.13 cm) 

0.404 
0.431 
0.455 
0.476 
0.491 
0.51 6 
0.542 
0.568 
0.576 
0.581 
0.600 
0.601 
0.604 
0.612 
0.609 
0.608 
0.614 
0.606 
0.597 
0.598 
0.576 
0.564 
0.542 
0.535 
0.522 
0.500 
0.468 
0.454 
0.426 
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excess  reactivity for this core  (designated Core 4.1 - see Table 2 )  was measured 

to be 81.16 after correction for the polyethylene boxes. 

cess  was therefore 71.66 and, since a total of 29.40864 kg of W were added, the 

worth per unit m a s s  of W was derived to be t2.43 Clkg. 

The change in the ex- 

A total of 15.13 kg of W foil was next added to the core  in a uniform manner 

to bring the total content of W to 44.54 kg, 61.3 g m  being added on the average 

to each fuel element. 

for the core (Core 4.2) and found to be 131.96 after correction for the polyethy- 

lene boxes. The change in reactivity relative to Core 4.0 was therefore 122.46, 

a value that results in a core-average worth for W of t2.75 C/kg. However, the 

core  averaged worth of W is t3.36 C/kg on the basis of the 15.13 kg addition 

alone. 

The all-drums-in excess reactivity was again determined 

In order  to obtain an independent determination of the conversion factor, o r  

core-averaged worth of uranium fuel, a s  it would apply to the core  fully loaded 

with W, one U wire was removed from every other fuel element and a new all- 

drums-in excess reactivity was established. The total mass  of uranium wire 

removed was 1.60670 kg and the change in reactivity was 90.36; consequently, 

a conversion factor of 56.2 #/kg was obtained. 

tains a value of 169.51 kg for the cri t ical  mass  of Core 4.2. 

Using the latter value, one ob- 

Drum calibration curves were generated during the course of the work con- 

cerning the W additions. 

control swing of the drum from full-in to full-out was about 222.06. 

6. 

a. Core Description 

A typical result  was shown in Figure 15. The total 

Physics Characteristics of a B4C-Controlled Reactor (Cores  5.0 and 5.1) 

A se r i e s  of investigations was initiated, upon completion of the studies of 

the reactivity effects of tungsten, to determine the cr i t ical  mass, control char-  

acterist ics,  and relative power distribution in a B C-controlled reactor. In 

order  to accomplish this objective, each of the six standard control drums was 

removed from the cri t ical  assembly and modified in the following way: 

eleven fuel elements were removed and replaced by an aluminum canister whose 

c ros s  sectional a rea  in the horizontal plane corresponded to the circular  segment 

of the drum cross section occupied by fuel elements, and (2) the Ta absorber  

4 

(1) the 
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segment was removed and replaced by another smaller aluminum canister whose 

outside dimensions were very nearly identical to the absorber  segment i t  re- 

placed. A photograph of these two canisters is  shown in Figure 5. 

Weight of 
Canister 

(gm) 

Each of the six l a rge r  canisters was filled with B4C powder. Initially 44 kg 

of natural B4C powder was procured. Of the 44 kg, about 28 kg consisted of 

particles in  the size range of -6 to t12  U. S. Standard Sieve Size, about 6 kg 

consisted of particles in  the size range of -35 to t100 U. S. Standard Sieve Size, 

and the remainder  consisted of particles in the size range -200 U. S. Standard 

Sieve Size. 

that 67.5 wt  ‘$0 of the final mix consisted of the la rger  particles, 12.5 wt ‘$0 con- 

sisted of the medium size particles, and the balance was  made up of the fine 

particles. 

num canis ters  while the la t ter  were vibrated on a standard laboratory vibrator. 

The final specifications fo r  the finished canis ters  a r e  given in Table 13, 

The three size distributions were blended together in  such a way 

The blended mixture of B4C particles was then poured into the alumi- 

.Ir 

Percent-’’ Weight of 

B4C of T .D.  
(gm) 

TABLE 13 

WEIGHTS O F  B,C-FILLED CANISTERS AND CONTENTS 

6333.3 

Canister 
Number 

32,307.2 I Total 

4 

I I 

1058.2 

1055.2 

1053.3 

1055.5 

1055.0 

1056.1 

5,492.2 

5,376.8 

5.382.6 

5,366.5 

5,291.3 

5,297.8 

69.4 

67.9 

68.0 

67.8 

66.8 

66.9 

3 

The mass of B4C which would occupy this volume at 10070 
theoretical density (T. D. ) is  7,917.8 gm. 

::The volume of one canister w a s  measured to be 3,142 c m  . 

Upon completion of the loading of the B4C powder into the six aluminum 

canisters,  the canis ters  were mounted, by means of two alignment pins that 

fitted into the d r u m  grid plate, on the control drums in the place normally oc- 

cupied by the eleven fuel elements. 
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Each of the six smaller  canis ters  was filled with eleven plates of Mo metal 

(see Figure 5) each 58.7 c m  (23.1 in.) long by 0.318 c m  (0.125 in.) thick by var i -  

ous widths. 

much of the available volume a s  possible without resorting to curved edges. 

The plates had widths of 2.10 cm (0.827 in.), 4, 73 c m  (1.864 in.), 6.29 c m  

(2.476 in.), 7.47 c m  (2.941 in.), 8.44 cm (3.322 in.), 9.26 c m  (3.64 in.), 9.97 c m  

(3.925 in.) 10.59 c m  (4.169 in.), 11.14 cm (4.385 in.), 11.62 c m  (4.576 in.), and 

12.05 c m  (4.745 in.). Once the eleven Mo plates were  installed, an aluminum 

plate, 0.79 cm (0.312 in.) thick, was placed on each end of the canister and the 

canister was attached to the grid plate of the d rum in the same manner a s  the 

Ta  absorber  segment. 

are given in  Table 14. 

shown in Figure 39 which also gives data pertaining to a power distribution 

measurement  to be discus sed below. 

These plates were stacked in s ta i r -s tep fashion so as to occupy a s  

The final specifications for the Mo-plate-filled canister 

A core layout diagram for the B4C-controlled system is 

TABLE 14 

WEIGHTS O F  Mo-FILLED CANISTERS AND CONTENTS 

Canister 
Number 

1 

Weight of Canister 
(gm) 

841.55 

84 5.58 

848.25 

849.35 

840.40 

848.75 

Totals I 5,073.88 

Weight of Mo 
(gm) 

17,938.65 

18,068.32 

17,951.75 

17,998.55 
18,014.60 

17,986.55 

107.95842 kg 

On the basis  of an anticipated critical m a s s  of 142 kg (as provided by NASA), 

the 181 fuel elements i n  the stationary p a r t  of the core  were  removed, the fuel 

c luster  was  unloaded, and a new cluster consisting of 7 rods [each 0.432 c m  

(0.170 in.) in diameter] and 6 wires  [each 0.152 c m  (0.060 in.) in diameter] was 

installed. No other mater ia ls  were placed within the fuel tube; consequently 

the individual element loading for non-fuel mater ia ls  was identical to that of 

Cores  2.0, 3.0, and 4.0. However, since there were  only 181 fuel elements, 
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7 the total quantities of Ta, Li N, and Mo reflector mater ia ls  in the core were 

reduced by the ratio of 181 to 247. These new m a s s  values were l isted previ- 

ously in Table 2, along with the changes in the mater ia ls  making up the drums. 

b. Crit ical  Mass 

3 

Upon completion of the loading of the fuel c lusters  into the fuel elements, 

an inverse -multiplication approach to critical was initiated. 

achieved when 178 elements were in place. A plot of inverse multiplication as 

a function of uranium loading (Figure 40), extrapolated to a value of about 141.2 

kg for K = 1.0. 

and 0-1), an all-drums-in excess reactivity (Mo full-in) of 174.66 was achieved. 

The core excess  reactivity values corresponding to the addition of the 178th fuel 

element, 9-4, and, finally, 9-12 and 0-1 simultaneously do not lie on a straight 

line since they do not represent  additions of fuel in approximately core  average 

worth locations. They nevertheless tend to substantiate a cri t ical  mass  value 

of about 141.2 kg. 

fuel elements in  place, was 143.92945 kg a s  indicated in  Table 2. 

Criticality was 

Upon the addition of the three remaining fuel elements (9-4, 9-12, 

I 

The total uranium mass in the core (Core 5.0) with all  181 

After the completion of the above task, one uranium wire was removed from 

every even-numbered fuel element in order to determine the core -averaged 

worth of uranium. 

upon the excess  reactivity was measured to be about 98.06. 

activity resulted in a core-averaged worth for  fuel of 64.2Clkg. 

mass  was therefore derived to be 141.43 kg after correction for the polyethy- 

lene boxes that surround the neutron detectors. 

c. Control Drum Worths 

In this process, 1.19166 kg of uranium were removed, where- 

This change in r e -  

The cr i t ical  

With the reactor  fully loaded with 143.92945 kg of uranium, a s e r i e s  of 

drum calibrations by the step-wise and continuous drive techniques was per -  

formed. 

ured f rom full-in to full-out. A typical plot, one applying to a step-wise Cali- 

bration of Drum No. 3, was given in Figure 16. In the B4C-controlled reactor,  

zero degrees  of a r c  re fers  to the Mo-filled canister placed in the full-in posi- 

tion. 

worth of Drum No. 3 is seen in the figure to be about 193.24. 

The worth of each of the six drums, driven individually, was meas-  

, 
I 
I 

~ 

This orientation places the B4C canister in the full-out position. The 

The reactivity i 
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worths of the remaining 5 drums a r e  essentially identical, the average being 

about 1946 and the absolute spread being *36 about that average. 

2 1  ' 0 '  

46 '30 '  

6 2  O20' 

75 '40 '  

89 '0 '  

102  "7 '  

113 '5 '  

125 '12 '  

139 '52 '  

155 '42 '  
I 

A check on the control swing afforded by a single drum was obtained by 

means of a se r ies  of period measurements. In order  to accomplish this task, 

Drum 6 was placed with the B4C sector full-in (180') and Drum 3 was banked 

to maintain a just cri t ical  reactor (21 '0 ' ) .  

degrees and held there while a stable period was achieved. 

Drum 6 was noted and the period was measured. 

to reduce the excess reactivity to zero and to achieve level power. 

period measurement would then be made by turning Drum 6 in a few more  de- 

grees.  The results of this se r ies  of measurements is given in Table 15, where 

the total worth of Drum 6 is shown to be 191.86, a value in good agreement with 

the results discussed above. 

Drum 6 was then turned in a few 

The position of 

Drum 3 was then banked out 

A new 

Period 
(set) 

The reactivity worth of all drums ganged was measured from 4 0  to 180 '  

(B4C full-in) by means of the source multiplication (or  inverse counting) tech- 

nique. In order  to conduct this experiment, the fuel element in Position 0-1 was 

Reactivity Cumulative 
Change Re activity 
(6) (6) 

TABLE 1 5  

REACTIVITY WORTH O F  DRUM NO. 6 BY PERIOD MEASUREMENTS 

180 

155 

140 

128 

11 5 

102 

90  

78 

63 

4 5  

Run 
Number 

155  

140 

128 

115 

102 

90  

78 

63 

4 5  

2 

1 

2 

3 

4 

5 

6 
7 

8 

9 
1 0  

Drum No. 3 
Po sition 

Drum No. 6" 
Position 

( " )  

F r o m  I To 
40.0 

36.0 

41.5 

31.0 

32.0 

34.5 

35.0 

33.0 

41.5 

67.0 

18.5 

19.8 

18.1 

21.7 

21.3 

20.3 

20.1 

20.9 

18.1 

13.0 

18.5 

38.3 

56.4 

78.1 

99.4 

119.7 

139.8 

160.7 

178.8 

191.8 

:kB C sector is  full-in a t  180 ' position. 4 
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removed f rom the fully-loaded core and a dummy element containing a C f2 52 

source was put in its place. 

a cri t ical  position (-40 "). 

to 46, 52, 57, 61, 78, 100, 120, 140, 160, and 175'. 

value was determined a t  each position. 

cri t icali ty with all  drums ganged to 46, 52, 57, and 61" (-30.7, -66.9, 

-101.4, and -131.04) was measured by the inverse kinetics method, 
basis of the measured worth at 46" (the normalization point), the source multi- 

plication data were converted to reactivity a s  indicated in Figure 41. 

of all d rums f rom full-in to full-out was therefore derived to be about $11.98, a 

value in good agreement with the worth of one drum multiplied by 6. 

of subcriticality predicted on the basis  of the source multiplication data is  also 

in good agreement with the inverse kinetics data a t  52, 57, and 61 "; consequently, 

the resul ts  a r e  independent of the normalization point for the points investigated. 

The counting data were taken on Channels 1, 2, and 6, and all three yielded 

nearly identical results. 

d. Power Distribution 

Al l  drums were then banked equally to establish 

Subsequently, all drums were turned simultaneously 

A source multiplication 

In a separate run, the degree of sub- 

On the 

The worth 

The degree 

The power distribution in a one-twelfth sector of the B C-controlled reactor  4 
was determined by irradiating one uranium wire t0.066 c m  (0.026 in.) d i a d  in 

each of the 23 positions indicated in  Figure 39. 

over their entire length and all segments were counted to determine the axial 

power distribution f rom the top to the bottom of the core. 

cut f rom each of the remaining 18 wires - one from the midplane, one f rom the 

top, and one halfway in between - to establish, along with corresponding seg- 

ments f r o m  the first 5-wire segments, the power distribution in the radial direc-  

tion. 

in Tables 1 6  and 17. 

a t  a constant power of 38 watts for a period of 1 hour. Drums 4, 5, and 6 were 

placed in  the Mo-fill-in position (see Figure 39), while Drums 1, 2, and 3 were 

all banked equally at 75O40'. Four anomalous activity values in the radial power 

distribution were observed and a r e  noted in Table 16. 

unexplained reasons, lay well outside of statist ical  uncertainties. 

Five of the wires  were segmented 

Three segments were 

The measured activities were plotted in Figures 24 and 25 and tabulated 

The irradiation was conducted with the reactor operating 

These data points, for 
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10 BORON CARBIDE CONTROLLED REACTOR 
UNIFORM FUEL DISTRIBUTION , URANIUM MASS - 143.92945 kg 

DRUM POSITION (degrees of arc) 

(ZERO DEGREES = MOLYBDENUM FULL IN) 
6526-4625 
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( B C- C ont r ol le d R e  acto r ) 

100 



TABLE 16  
RELATIVE RADIAL POWER DISTRIBUTION 

B4C-CONTROLLED REACTOR 

W i r e  
Segment 
Number 

1 
2 

3 
4 
5 
6 
7 
8 

9 
10 

11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 

0.0 
2.18 
3.85 
4.40 
5.87 

6.67 
7.70 

7.98 
8.85 

9.64 
10.16 
11.07 
11.47 
11.75 
12.30 
13.45 

13.77 
15.28 
15.48 
17.26 

19.13 
22.99 
27.81 

Fuel 
Element 
Number 

0- 1 
1 - 5  

2-9 
2-10 
3- 13 

3-14 
4-17 

4-18 
4-19 
5-21 
5-22 
5-23 

6-21 
6-22 
6-23 
7-17 
7-18 
8-1 3 
8-14 

9-9 
10-5 

) rum (Flat)  
) rum (Curve 

Center 
( Z  = 0.0 cm) 

0.983 
0.970 
0.971 
0.976 
0.9 51 
0.940 
0.921 
0.849* 

0.898 
0.868 

0.859 
0.775* 

0.814 
0.81 5 

0.789 
0.747 
0.737 
0.684 
0.677 
0.610 
0.515 
0.241 
0.1084 

Midway 
(z = 8.75 cm) 

0.889 
0.962" 

0.889 
0.873 
0.870 
0.861 
0.833 
0.837 
0.81 8 
0.867 
0.762 

0.725 
0.744 

0.709 
0.722 
0.681 
0.672 
0.605 
0.606 
0.544 
0.475 
0.216 
0.0908 

TOP 
(e = 17.5 cm) 

0.646 
0.642 
0.640 

0.629 
0.622 
0.623 
0.672* 

0.593 
0.594 
0.571 
0.546 
0.545 

0.532 
0.510 
0.505 

0.499 
0.485 
0.442 
0.441 

0.397 
0.339 
0.1 56 
0.0572 

*Unexplained anomalies 
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T A B L E  17  

RELATIVE AXIAL POWER DISTRIBUTION 

B4C-CONTROLLED REACTOR 

Wire 
Segment 
Number 

TOP 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

Bottom 

Distance 
From Core 

Center 
(cm) 

17.5 

16.25 

15.0 

13.75 

12.5 

11.25 

10.0 

8.75 

7.5 

6.25 

5.0 

3.75 

2.5 

1.25 

0.0 

-1.25 

-2.5 

-3.75 

-5.0 

-6.25 

-7.5 

-8.75 

-10.0 

-1 1.25 

-12.5 

-13.75 

-1 5.0 

-16.25 

-17.5 

0- 1 
(R = 
0.0 cm) 

0.646 

0.697 

0.737 

0.770 

0.797 

0.827 

0.862 

0.889 

0.912 

0.925 

0.944 

0.954 

0.969 

0.982 

0.983 

0.980 

0.984 

0.986 

0.968 

0.952 

0.943 

0.920 

0.901 

0.871 

0.830 

0.81 1 

0.776 

0.721 

0.691 

5-23 
(R = 

11.07 cm) 

0.545 

0.583 

0.61 5 

0.638 

0.671 

0.686 

0.705 

0.725 

0.755 

0.766 

0.760 

0.781 

0.790 

0.788 

0.775 

0.778 

0.770 

0.769 

0.750 

0.764 

0.752 

0.725 

0.708 

0.697 

0.673 

0.643 

0.619 

0.571 

0.547 

10-5 
(R = 

19.13 cm) 

0.339 

0.364 

0.393 

0.407 

0.425 

0.448 

0.463 

0.475 

0.487 

0.486 

0.496 

0.504 

0.507 

0.507 

0.51 5 

0.519 

0.510 

0.499 

0.501 

0.491 

0.485 

0.472 

0.454 

0.457 

0.443 

0.41 6 

0.404 

0.309 

0.350 

Drum Flat 

22.99 cm) 
(R = 

0.156 

0.168 

0.181 

0.191 

0.1 96 
0.204 

0.21 0 

0.216 

0.230 

0.233 

0.233 

0.240 

0.247 

0.236 

0.241 

0.236 

0.238 

0.234 

0.230 

0.228 

0.223 

0.21 5 

0.206 

0.201 

0.191 

0.183 

0.175 

0.160 

0.150 

Drum,Curve 

27.81 cm) 
(R = 

0.0572 

0.0626 

0.0677 

0.0740 

0.0769 

0.0808 

0.0877 

0.0908 

0.0970 

0.1007 

0.1026 

0.1026 

0.1064 

0.1079 

0.1 084 

0.1086 

0.1084 

0.1077 

0.1074 

0.1042 

0.1000 

0.0994 

0.0954 

0.0944 

0.0926 

0.0867 

0.0850 

0.0807 

0.0740 



7. Reactivity Effects of Adding Polyethylene to a Uniformly Loaded Core 
(Cores 6.0 through 6.15, Inclusive) 

a. The Base-Case Core 

The B C-controlled reactor  was completely disassembled, the B4C- and 

Mo-filled canis ters  were removed from the drums, the Ta absorber segment 

was re-installed, and a re-configuration of the fuel cluster and other fuel ele- 

ment mater ia ls  was initiated in order  to reestablish a 247-fuel-element configu- 

ration. 

6 uranium rods and 7 uranium wires. 

uniformly loaded elements consisted of 1 Ta wire 0.279 cm (0.1 10 in.) in diam- 

eter,  a coil of Hf foil and a coil of Ta foil. 

core, including fuel and honeycomb tubes, was 80.25 kg. 

a r e  delineated in Tables 1 and 2. 

uranium loading of 174.24874 kg, was essentially identical to a core  assembled 

on the previous program and designated composition 4A (see Reference 1). 

4 

The fuel cluster for the core designated 6.0 (see Table 2 )  consisted of 

Non-fuel mater ia ls  in each of the 247 

The total Ta content of the active 

Other material  weights 

This core configuration, which had a total 

Upon re-assembling the reactor,  the all-drums-in excess reactivity was 

measured to be 90.26, after correction for the polyethylene boxes. 

of one uranium wire f rom every even numbered fuel element (Core 6.1) decreased 

the total U mass  to 172.63355 kg and decreased the all-drums-in excess to 7.56. 

This change in reactivity, in  relation to the fuel loading change, results in a 

core-averaged worth of fuel of 51.2klkg. 

factor, a cr i t ical  mass of 172.49 kg results. 

The removal 

On the basis of the latter conversion 

b. Description of Polyethylene Strips and Loading Techniques 

The core was next res tored to i ts  original condition (i.e., 7 U wires  per 

Polyethylene was in- c luster)  and the addition of polyethylene was initiated. 

ser ted in the form of s t r ip s ,  triangular in c ros s  section, and 37.50 cm (14.75 in.) 

long. These strips, some of which a r e  shown in Figure 42, were designed to fit 

into intersti t ial  positions between the fuel elements of the core and to extend only 

over the active core region c37.58 c m  (14.80 in.)]. 

c r o s s  sectional dimension was a s  follows: all  sides of the triangle a r e  equal in 

length and the triangle circumscribes a circle 0.376 c m  (0.148 in.) f 0.007 c m  

(0.003 in . )  in  diameter. This diameter represented the largest  c i rc le  that  

could be used and still a s su re  that a l l  strips would f i t  into the core .  

The specification for the 
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Figure  42.  Polyethylene S t r ips  
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In order  to be able to inser t  and withdraw the polyethylene s t r ips  without 

disassembling the core,  and to res t ra in the s t r ips  in the axial direction to the 

active core region only, an aluminum wire, 0.226 cm (0.089 in.) in diameter,  

was imbedded a short  distance (approximately 1.27 c m  (0.50 in.) into the top end 

of the polyethylene strip. 

extended above the strip,  through the upper axial reflector zone, and was bent 

at a right angle so a s  to r e s t  on top of the fuel element end cap. A group of 80 

polyethylene s t r ips  was weighed and yielded an average weight per s t r ip  of 

6.193 gm. 

This wire, which had an average weight of 1.438 gm, 

Since the polyethylene s t r ips  had little o r  no structural  strength of their  

own, they could not be readily installed in the core  except in completely en- 

closed zones such as those between honeycomb tubes. 

of which there a r e  300 in the stationary core, the s t r ips  had to be held in place 

by small  piece of tape. Since Mo filler rods occupied most  of the available en- 

closed void space in the fuel element sector of the drums (see Figure 4), only 

two s t r ips  could be placed within the drum. 

with polyethylene s t r ips  placed on the outer periphery of the drums, but, in gen- 

eral ,  these locations were not desirable. The experimental program called for 

investigating the reactivity effects of adding groups of s t r ips  up to 360 to the 

core in a generally uniform manner. The loading schemes employed during 

these experiments a r e  shown in Figure 43. 
added to the core, a layout corresponding to that shown in the one-sixth sector  

between Drums 1 and 2 was followed for all six sectors.  When 120 and 240 

s t r ips  (0.743 and 1.486 kg) were added, the layouts corresponding to the one- 

sixth sec tors  between Drums 5 and 6 and between Drums 3 and 4, respectively, 

were followed for  all six sectors. For 360 s t r ips  (2.229 kg), al l  of the remain- 

ing intersti t ial  positions fully contained within the stationary core only (no per i -  

pheral  locations) and not filled in the 240-strip layout were used. Thus, in the 

final layout of 360 strips,  a total of 24 strips was located in the six drums and 

336 s t r ips  in the stationary core. 

Outside of those zones, 

A few experiments were conducted 

When 60 s t r ips  (0.372 kg) were 

c.  Reactivity Worths of Polyethlene in a Core with 80.25 kg of Ta 

The experimental plan called for (1) measuring initially the reactivity effect 

associated with adding 60 polyethylene strips to Core 6.0, (2)  removing 2 u ra -  

nium wires  f rom each of the 247 fuel elements, and (3) adding 300 additional 

105 



106 



polyethylene s t r ips  to bring the total to 360. 

cr i t ical  mass was to be determined. 

shown in Table 2 and correspond to  Cores 6.2, 6.3, and 6.4. In that table, the 

polyethylene addition is expressed in mass units for ease in calculational corn- 

parisons. 

With 360 s t r ip s  in the core, the 

The resul ts  of these measurements are 

The task of adding the first 60 polyethylene s t r ips  to Core 6.0 was actually 

ca r r i ed  out nonuniformly in two steps of 30 s t r ips  each. 

additional s t r ips  was actually performed by adding, after the 2 uranium wires  

were removed f rom each element, a group of 60, a group of 120, a group of 60, 

and, finally, another group of 60. 

in reactivity were measured (as opposed to absolute values) and these measure-  

ments were made only when the reactor  was critical. 

wi res  rendered the reac tor  subcritical. 

The task of adding 300 

For  these intermediate steps, only changes 

The initial removal of 2 

The resul ts  are given in Table 18 in  

TABLE 18 

SPECIFIC WORTH OF POLYETHYLENE 

Pol  ye thylene 
Addition 
Interval 
(Strips) 

0 to 30 

30 to 60 
240 to  300 

300 to  360 

360 to 240 

240 to  120 

120 to  0 
§ 0 to  120 
§ 120 to 240 

240 to 360§ 

~ 

Mass 
Change 

(kg) 

t0.186 

t0.186 

t0.372 

t0.372 

-0.743 

-0.743 

-0.743 

t0.743 

t0.743 

t0.743 

Mass in 
Core 
(kg) 

0.186 

0.372 

1.858 

2.229 

1.486 

0.743 

0 

0.743 

1.486 

2.229 

Re ac t  i vi ty  
Change 

( 6 )  

32.0 

48.6 

67.9 

60.0'' 

132.9 

136.3t 

128,1t 
145.4 t 

.* .*. 135.8 

13 1 .4q*-r 

Average 

*Average of two measurements 
TAverage of 5 values 
$2 Ta  wires  added to each fuel cluster 

**Value adjusted by a 29.46 loss  in reactivity 

Specific Worth 

(dlStr ip)  

1.07 

1.62 

1.13 

1.00 

1.11 

1.14 

1.07 

1.21 

1.13 

1.10 

1.16 

0.173 

0.262 

0.182 

0.161 

0.179 
0.184 

0.173 

0.196 

0.183 

0.178 

0.187 
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which, in addition, the average worth of each s t r ip  of polyethylene is tabulated 

in te rms  of single s t r ips  and per gram. 

interval between 30 and 60 is attributed to the fact  that the f i r s t  30 s t r ips  were 

added in one-half of the core  and the next 30 in the other half of the core. 

some flux tilting would occur. 

formly distributed strips,  the average worth per s t r ip  would appear to be some- 

what high relative to the other values. 

The anomalously high value for the 

Thus, 

However, even on the basis  of a total of 60 uni- 

With 360 strips in the core (2.229 kg), the core-averaged worth of uranium 

was found to be 51.46. 

With the reactor fully loaded with polyethylene (360 s t r i p s  - 2.229 kg) and 

6 rods and 5 U wires  in each element, a s e r i e s  of reactivity measurements was 

conducted by removing the polyethylene in three steps of 120 s t r i p s  (0.743 kg) 

each. Since the removal of the second group of 120 would render the reactor  

subcritical, provisions were made to permit the installation of a Cf252 source 

at  the center of the core. 

a rd  fuel element in Position 0-1 by two proton-recoil fuel elements, each con- 

taining a cluster of six uranium rods. 

of the core and the other element in the lower half of the core. 

(1.5- in.)-high cavity that existed between the elements at  the core center con- 

This core adjustment consisted of replacing the stand- 

One element was loaded in the upper half 

The 3.82-cm 

tained the Cf252 source. The loss in fuel caused by this adjustment amounted 

to 0.0905 kg, and a reactivity change of 10.86, as shown for Core 6.5 in Table 2, 

was observed. 

With the proton-recoil elements in place and an excess  reactivity of 183.06, 

the f irst  group of 120 polyethylene s t r ips  was removed to produce a polyethylene 

loading (1.486 kg) corresponding to that depicted in the one-sixth sector between 

Drums 3 and 4 of Figure 43. 

indicated a worth of 132.96 for 120 s t r ips  ( re fer  to Cores 6.5 and 6.6 in Table 2). 

This removal reduced the reactivity to 50.16 and 

Before proceeding with the removal of another group of 120 polyethylene 

strips,  a normalization experiment was conducted for the source multiplication 

technique. This normalization consisted of banking all  drums equally to deter-  

mine the critical position (21 "35'), then banking all  drums to 30, 40, and 50", 

the degree of subcriticality being determined a t  each of these positions by in- 

verse  kinetic methods. The measured reactivities were  derived to be -45.2, 
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-1 13.7, and -201 .Ob, respectively, at  these three positions. The Cf252 source 

was then installed, and the total counts obtained in Channels 1, 2, and 6 were 

recorded for 60-sec time intervals for each of the above positions. By normal- 

izing the counting data obtained at the 30" position, in accordance with the tech- 

nique outlined in Section I-F, one could obtain a source multiplication measure-  

ment of the degree of subcriticality a t  the 40 and 50" positions. The la t ter  Val- 

ues  were derived to be -113.7 and -203.06, respectively. 

excellent agreement with the inverse kinetic values; consequently, the 30 " posi- 

tion was used as the normalization point for all subsequent subcritical experi-  

ments. 

These values a r e  in 

Upon completion of the normalization experiments, a second group of 120 

polyethylene s t r ips  was removed from the core and the reactor  was found, by 

the above described source multiplication procedure, to be -94.76 subcritical 

with all d rums full-in and 0.743 kg of polyethylene in core  ( refer  to Core 6.7 in 

Table 2). Additional measurements were made with the drums a t  21 "35', 30", 
40°, and 50". Using the results a t  al l  of the positions, one obtains an average 

change in reactivity of 136.36 in going from 240 to 120 polyethylene s t r ips  in the 

core (see Table 18). 
I 

With the source still in place, the count rate was also measured for the 

situation in which all drums were banked to 70, 110, 150, and 180". At these 

positions, the source multiplication technique indicated the reactor  was 420.8, 

91 7.2, 1,285, and 1,4356 subcritical, respectively. If the excess reactivity of 

50.16 with all d rums full-in is taken into account, the worth of a l l  drums banked 

from full-in to full-out is derived to be $14.85. 

data f rom Channel 1 which is located a t  the bottom of the reactor.  

and 6 yielded substantially the same results. 

This value was obtained f rom 

Channels 2 

, Finally, the l a s t  group of 120 strips was removed from the core, leaving 
t the core  void of polyethylene. Again, the degree of subcriticality was measured 

for 5 drum positions: all-in, 21 "35', 30°, 40", and 50". 

the reactor  was 228.24 subcritical (refer to Core 6.8 in Table 2). 

of all five drum positions, an average change in reactivity of 128.14 was obtained. 

With all drums full-in, 

On the basis  

I 
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d. Reactivity Worth of Polyethylene in a Core with 86.39 kg of Ta 

With no polyethylene s t r ips  in the core, each of the 247 fuel elements were 

removed and two 0.1 52-cm(0.060-ine)-diam by 37.47-cm(14.75-in.)-long Ta wires  

were added to the fuel cluster in the location normally occupied by the uranium 

wire of the same diameter. 

total mass of Ta already in the core was 80.25 kg, thus bringing the total to 

86.39 kg. 

The total mass  of Ta added was 6,1424 kg. The 

Source multiplication measurements were conducted with the core r eas  - 
The all-drums-in value for  sembled with the 2 T a  wires in place (Core 6.9). 

the system reactivity did not differ significantly f rom that for the previous, 

identical core (Core 6.8) that did not contain Ta wires. 

values a t  the other four drum positions showed an average value for the Ta of 

However, the reactivity 

-1 0.46. 

A group of 120 polyethylene s t r ips  (0.743 kg) was added to the core  and the 

degree of subcriticality was measured to be -84.96 with all d rums full-in ( re fer  

to Core 6.10 in Table 2). 

was 145.46 on the basis  of the five drum positions. 

An average measurement of the worth of the 120 s t r ips  

A second group of 120 polyethylene s t r ips  was added to the core  (Core 6.11) 

to bring the total to 240 s t r ips  (1.486 kg), and criticality was achieved. The all- 

drums-in excess reactivity was measured by drum calibration to be 49.66. A 

comparison of Cores 6.6 and 6.11 indicates that the worth of the two Ta wires  

added to each of 247 fuel elements is  zero within uncertainties when the core 

contains 240 polyethylene s t r ips  (1.486 kg). 

For  comparison with the previous results,  a check, by means of inverse 

kinetics, was made on the system reactivity with all drums banked to 30, 40, 

and 50". 

values of -38.5, -106.6, and -194.16 were determined for the 30, 40, and 50" 

drum positions. 

quoted above. 

an average worth of 135.86 for these 120 s t r ips  (see Table 18). 

tional subcritical measurements were expected to be performed, the two proton- 

recoil elements in Position 0-1 were replaced by the standard element normally 

located in that position. 

Initially, the reactor was cri t ical  with all  drums a t  about 22 "40' and 

These values a r e  in reasonably good agreement with those 

Using these results,  plus the all-drums-in excess, one obtains 

Since no addi- 

The reactivity associated with that change was again 
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determined and found to be of the order  of 8.66; i.e., the difference between the 

excess  reactivity values in  Core 6.11 and 6.12 of Table 2. 

A third group of 120 polyethylene strips was added to the core to bring the 

total mass  to 2.229 kg and an initial excess reactivity of 160.26 was observed. 

This value appeared to be low by an amount of the order  of 20 o r  306 (depending 

upon the worth expected for the Ta wires) when compared to the excess reactivity 

observed in  Core 6.3 of Table 2. 

be found. 

one day la ter ,  but the resul ts  were identical; i.e., the excess  reactivity remained 

within *0.56 of 1606. 

continued and one uranium wire was removed from every other fuel element in  

o rde r  to derive a core-averaged worth for  fuel. 

fuel reduced the excess reactivity to 78.26. 

core-averaged worth of fuel of 50.9C/kg, a value in very  good agreement with 

that shown for Core 6.3. 

However, no cause for this discrepancy could 

A new check of the drum position for criticality was car r ied  out about 

The experimental measurements program was therefore 

The removal of 1.60977 kg of 

This change in reactivity yields a 

In an attempt to verify that the excess reactivity obtained for Core 6.13 was 

correct ,  the core, a s  constituted for Core 6.14, was used to determine the ex- 

ces s  reactivity (or  degree of subcriticality) when 120 polyethylene s t r ips  (0.743 kg 

of polyethylene) were removed. Accordingly, the Cf252 source was installed in 

Position 0-1 along with two proton-recoil elements, 120 polystrips were removed, 

and source multiplication measurements were conducted. 

termined to be -61.86 subcritical with all drums full-in. 

the loss  in reactivity concomitant with the reduction of the fuel loading from 

167.92643 kg to 166.31666 kg was 82.06. 

Core 6.15, an excess  reactivity of t20.26 is obtained. 

identical to that for Core 6.11, since the hypothetical core conditions a r e  identi- 

cal. 

The reactor was de- 

In Cores  6.13 and 6.14, 

If this value is added to the -61.84 for 

This value should be 

However, there is a difference of 29.4C; consequently, i t  appears that a 

I 
systematic loss  in reactivity of about this amount has been encountered and that 

the reactivity of 160.26 for  Core 6.13, 78.26 for Core 6.14, and -61.86 for Core 

6.1 5 should be increased by t29.46 to 189.66, 107.66, and -32.46, respectively, 

before correction for  polyethylene. These a r e  the values entered in Table 2. 
I The cr i t ical  m a s s  of the core containing 167.92643 kg of fuel, 360 polyethylene 
I 

s t r ips  (2.229 kg), and 2 Ta wires  per fuel element (6.1424 kg), would therefore 
I be 164.48 kg. 
I 
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Figure 44. Core Reactivity as  a Function of Polyethylene Loading 
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A plot of the core reactivity a s  a function of polyethylene loading for a con- 

stant fuel loading of 167,83595 kg i s  given in Figure 44 on the basis  of the reac-  

tivity values for  Cores 6.5 through 6.11, inclusive, plus the value for Core 6.13 

corrected for (1) a systematic loss  in reactivity of 29.46 as determined in  Core 

6.15, and (2)  a worth of 9.76 for replacing the standard fuel element in Position 
0-1 by the two proton-recoil elements. 

average reactivity change observed in Cores 6.3 and 6.5 and in Cores 6.11 and 

6.12. 

The value of 9.76 corresponds to the 

The value after corrections is therefore 179.9b (160.26 t 29.46 - 9.76). 
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111. DISCUSSION OF RESULTS 

In general, the experimental results were in good agreement  with values 

calculated by NASA LeRC. 

Whenever, in the course of this program, a core closely duplicated in  its 

mater ia l  constituents a core that was investigated on the previous program 

(Reference l),  the agreement between comparable experimental resul ts  was 

good. Core  6.0, for example, was a reconstruction of Composition 4A a s  re- 

ported in Reference 1, Appendix A. 

of 174.96 kg, a n  all-drums-in excess reactivity of 139.34, a core-averaged worth 

for fuel of 5lk/kg, and a cr i t ical  m a s s  of 172.32 kg. 

Core 6.0 was 172.49 kg and i ts  core-averaged worth for  fuel was 51.24, both 

values being in very good agreement with the previous ones. 

numbers a r e ,  in fact, within the 0.15% which is the accuracy required on these 

measurements .  

The latter core  had a total uranium loading 

The cr i t ical  m a s s  for 

The crit ical  m a s s  

I 

Similarly, the excess reactivity values, when corrected for  the differences 

in fuel loading, were in very good agreement for  Core 2.0 on this program and 

Composition 2 of the previous program, both cores  containing identical amounts 

of non-fuel material .  

186.0k, corresponding to a uranium loading of 174.96 kg. 

of uranium in Core 2.0 was somewhat smaller (174.88 kg), its excess reactivity 

would be expected to be less.  This situation is,  indeed, found to be the case. 

The difference in m a s s  (80 gm) would be expected to be worth about 4k on the 

basis  of the measured core-averaged worth of uranium fuel (50.6C) in  Composi- 

tion 2. 
correct ion for polyethylene boxes) agrees very we l l  with that predicted on the 

basis  of the older Composition 2 data. 

The measured excess reactivity for  Composition 2 w a s  

Since the total m a s s  

Thus the measured excess reactivity value for Core 2.0 (182.5C before 

I A somewhat less  direct  comparison can be made between the all-drums-in 

excess  reactivity values for the 3-zones power-flattened cores  that were con- 

structed on both programs. 

had a total  uranium loading of 174.88 kg and an  excess reactivity of 52k. Upon 

reconstituting this core  on the present program (after several  intervening fuel 

On the previous program, the power-flattened core 

, 
I al terat ions were made), a uranium loading of 175.0124 kg was achieved. Although 
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a fuel loading difference of only 24 gm occurred, the excess reactivity in Core  1.0 

(44.66) was substantially less  than it was in the ea r l i e r  core .  

the anomaly was found. 

No explanation f o r  

A somewhat anomalous resul t  was also observed during this program with 

regard to the reactivity effects of adding Ta to the various cores .  

during the studies on Cores  2.0 and 2.1 that 9.54 kg of Ta caused a reduction in  

reactivity of 17.6k. One would expect therefore that a reactivity change of the 

order  of -116 would occur during the sixth se r i e s  of Cores  when 6.14 kg of Ta 

were added. This change was not, however, observed. The reactivity worth 

of the added Ta was only -1.66 according to what was fel t  to be the most  accurate  

measurement  (all-drums-in). On the other hand, Cores  6.8 and 6.9 were well 

over $2 subcritical and, within the * l o %  accuracy of a source multiplication 

measurement,  i t  would be expected that an 116 change would be difficult to ob- 

serve.  At other d rum positions - namely 21"35', 30°, 40°, and 50" - the Ta 

wire added to Core 6.8 appeared to be worth -16.0, -10.6, -10.8, and -13.245, 

respectively. The average of a l l  these values i s  10.46, a value in  very good 

agreement  with expectations. 

W e  observed 

When polyethylene was added to the reactor during studies on the sixth 

ser ies  of cores,  a n  increased worth for Ta was anticipated since the hydrogen 

would be expected to soften the spectrum and increase the number of neutrons 

with energies i n  the Ta  resonance region. However, a comparison of the excess  

reactivity values for Cores  6.6 and 6.11, values that should be good to * l C  (since 

they a r e  measured in the delayed crit ical  range), shows essentially zero  worth 

for  the 6.14 kg of Ta when 1.486 kg of polyethylene were present. Similar r e -  

sults a r e  obtained from the data from Cores  6.5, 6.12, and 6.13 after corrections 

a r e  made for differences in uranium loading. 

se r ies  of source multiplication normalization measurements  on Core 6.6 the 

core  reactivity values for  all drums banked t o  30, 40, and 50" a s  determined 

by the inverse kinetic method, were -45.2, -113.7, and -201.045, respectively. 

When these measurements were repeated in Core 6.11, which was identical to 

Core 6.6 except that the 6.14 kg of Ta were present,  values of -38.5, -106.6, and 

- 194.145 were obtained. 

indicate that the T a  wires  were worth about 6.945 with 1.486 kg of polyethylene 

present,  

ra ther  small  for the quantities of polyethylene employed in these experiments. 

On the other hand, during the 

These supposedly more  accurate  measurements  would 

The effects of polyethylene on Ta  worth appear to be, in  any case,  
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IV. CONCLUSIONS 

During this program, some additional experiments pertaining to the reactor  

physics and safety aspects of a compact, heavy-metal-reflected, fas t  reactor  

for space application were car r ied  out. It was determined that the reactivity 

effects of adding a hydrogenous shield around a 3- zoned, power-flattened reac-  

t o r  core  did not add large amounts of reactivity. 

15.24 cm (6.0 in.) increased the reactivity by only about $1.0. Information con- 

cerning reactivity effects of adding Ta  and W to, and varying the axial reflector 

thickness in, a uniformly loaded version of the reference reactor  provided addi- 

tional data to aid in optimizing the core design. 

another uniformly loaded version of the reference reactor  served to evaluate 

the inherent safety of the reactor  if subjected to flooding. One of the most  im- 
portant and interesting conclusions to this se r ies  of tasks,  concerned the char-  

acter is t ics  of a B4C-controlled system, In this system, the cr i t ical  m a s s  was 

significantly reduced and the reactivity control afforded by the drums remained 

roughly as effective as it was in the case of the highly fueled d rum backed by a 

massive T a  absorber  segment. 

A shield thickness of about 

The addition of polyethylene to 
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APPENDIX A 
CHEMICAL IMPURITIES IN CORE MATERIAL 

1. Chemical Impurity Specifications 

Essentially, two additional core  materials, not dealt with during the pre-  

vious program, were utilized during this se r ies  of tasks.  Although purchase 

of additional quantities and forms of Ta  and W were made, the previously re-  

ported impurity l imits ( see  Appendix B of Reference 1) remained in  effect. The 

cr i ter ion for establishing these limits states that the reactivity effects of the 

impurity shall not amount to more  than *l .Ok.  

g rea te r  amount than this, the level of that impurity will be measured by some 

means in o rde r  to establish the actual amount of the impurity. 

If the impurity contributes a 

The two mater ia ls  not previously dealt with in Reference 1 w e r e  polyethylene 
I and B4C. 

calculated by means of the formula 

The recommended maximum impurity levels in these two items were 

where 

C = the impurity level in ppm I 
= the m a s s  of the host material  (polyethylene o r  B4C) in grams 

= the specific worth of the impurity in d /gm PmI 
= the specific worth of the host material in C/gm. 

I 'mH 

By the use  of this formula, a maximum impurity level of 4 ppm B would be de- 
l rived for the polyethylene mater ia ls .  Since the polyethylene tended to thermalize 
I the spectrum rather  severely, it was recommended that the maximum impurities 

f o r  impurity mater ia ls  other than boron be based upon the so-called "equivalent 

boron content" cr i ter ion a s  established by the ASA Standard for Nuclear Grade 

U 0 2 ,  Section 5.6.1. ( l o )  The values listed in Table 2 are derived f r o m  that 

standard, assuming that 4 ppm B i s  acceptable. 

has  been selected for  those mater ia ls  whose capture c r o s s  sections a r e  small. 

I 

1 
I 

An a rb i t r a ry  limit of 50,000ppm 
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The method fo r  establishing the recommended impurity l imits fo r  B C a r e  4 
identical to those outlined in Reference 1, Appendix B, and a r e  a lso derived 

f r o m  the above equation, where p for  B C i s  estimated to be -O.Old/gm. mH 4 
These values a r e  a lso listed in Table 19. 

2 .  Impurity Levels 

Impurity levels in the polyethylene and in the B C mater ia l s  used in these 4 
experiments were measured a t  Atomics International and are reported in 

Table 20.  

Chemical analyses a s  provided by the vendor for the 0.152-cm(0.06O-in.)- 

diam by 37.47-cm( 14.75-in.)-long Ta wire and fo r  the Mo plates used in the 

aluminum canisters a r e  shown in Tables 2 1  and 22, respectively. 
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TABLE 19 

RECOMMENDED IMPURITY LIMITS (ppm) 
(Sheet 1 of 2 )  

Impurity 

H 

Li 

Li 

Li 

Be 

B e 0  

B 

6 

7 

BIO 

C 

N 

0 
F 

N a  

Mg 
A1 

Si 

P 

S 

c 1  

K 
Ca 

sc 
Ti  

V 
C r  

Mn 

Fe 

c o  

N i  

c u  

Host 

1 Polyethylene B4C 

9.3 
726 

78 

540 

36 3 

190 
- 
- 
- 

223 

1,140 

2 10 

1,140 

2 56 
223 

1,140 

1,140 

1,140 

1,140 

251 

313 

13,000 

271 

267 

273 

273 

271 

271 

301 

13,000 

*( ) = a rb i t r a ryupper  limit 

12 1 

- 
- 
- 
- 

.L 

(50,000)"' 
- 

4 
- 

(50,000) 

2,100 

(50,000) 

(50,000) 
- 

( 5 0 ,O 0 )  

33,000 

(50,000) 

55,000 
- 

300 
- 

26,000 
- 
- 

2,800 

5,000 

1,100 

6,000 

44 0 

3,600 

4,800 



TABLE 19 
RECOMMENDED IMPURITY LIMITS (ppm) 

(Sheet 2 of 2 )  

Impurity 

Z r  

Ga 

Ge 
B r  

Rb 

Sr 

Y 

Z r  

Nb 

Mo 

Ru 

Cd 

In 

Sn 

Sb 

Te 

I 

C s  

Ba 

La 

R a r e  Earths 

Hf 

w 
Re 

T1 

P b  

Bi 

Ag 
u235 

u2 38 

Host 

B4C 

13,000 

13,000 

13,000 

271 

271 

271 

271 

271 

4 14 

(13,000) 

(13,000) 

290 

290 

290 
313 

313 

3 13 

3 13 

3 13 

34 1 

464 

2,160 

271 

245 

303 

281 

281 
- 

158 

251 

P o  lye th y 1 e ne 

16,000 
- 
- 
- 
- 
- 
- 

(50,000) * 
- 

10,000 
- 

12 
- 

50,000 
- 
- 
- 
- 

33,000 
- 

1 .o 
- 

2,700 
- 

(50,000) 

(50,000) 

480 
- 
- 

::: ( ) = a rb i t r a ry  upper l imits 
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TABLE 20 

CHEMICAL IMPURITIES IN POLYETHYLENE AND B4C 

O r i g i n a t o r  s 
S a m p l e  
N u m b e r  

Sb 

P 

Ag  
A1 

B 

Ba 

Be  

B1 

C 

C a  

C d  

c o  

C r  

c u  
Fe 

Li 

Mg 
Mn 

Mo 

Na 

Ni 

P b  

Si 

Sn 

Ti 

V 

K 
Z r  

H2° 

B2°3 

Typ ica l  
S a m p l e  

<0 .1  ND 

<1.0 ND 

<0.1  D 

10 

0.1 

0.2 

<0 .1  ND 

<0.1 N D  
- 
3 

<0.3 ND 

<0.1 ND 

0.1 

<0.1 D 

5 

0.1 

0.2 

0.1 

<0 .1  ND 

0.5 
<0.1 D 

0.1 

>> lo  
- 
3 

~ 1 . 0  ND 

0.1 

<0.3 ND 
- 
- 

~~~ ~ 

0.250 
Po lye thy lene  " 

- 
- 

<0.1 D 

< 2 ND 

0.3 

0.2 

<0.1 ND 

<0.1 D 
- 

0.5 

0.1 

~ 0 . 1  ND 

~ 0 . 1  ND 

~ 0 . 1  D 

1 

~ 0 . 1  D 

0.3 

<0.1 D 

<0.1  ND 

0.5 

<0.1 ND 

0.5 
2 

~ 0 . 1  D 

0.1 ND 

~ 1 . 0  ND 

0.5 

~ 1 . 0  ND 
- 
- 

D I n d i c a t e s  detectable cons t i tuent  

0.250 
Polye thylene  t 

<0.1 ND 

10 

0.3 

0.1 

~ 0 . 1  D 

<0.1 ND 
- 
1 

~ 0 . 1  D 

< 0 , 1  ND 

0.2 

<0 .1  

10  

<0.1 D 
2 

0.3 

~ 0 . 1  ND 
2 

0.1 

0.2 

> > l o  

<0.1 D 

2 

<1 ,0  ND 

0.7 
~ 1 . 0  ND 

1 .o 
Polyethylene 

- 
- 

<0 .1  ND 

< 2 ND 

0.2 
0.1 D 

<0.1 D 

<0.1 D 
- 

0.5 

<0 .1  ND 

<0.1  ND 

<0.1  D 

0.1 D 

1 

<0.1 D 

0.5 

<0.1 D 

~ 0 . 1  ND 

1 

<0.1 D 

0.5 

2 

<0.1 D 

0.1 ND 

<1.0 ND 

1 

<1.0 ND 
- 
- 

B4C 

- 
- 
- 

~ 5 0 0  ND 
- 
- 
- 
- 

21.7 w t  70 
500 

- 
- 
- 
- 

700 
- 

50 

50 ND 
- 
- 

< l o 0  ND 
- 

400 

- 
50 

< l o 0  ND 
- 

70 

0.01 w t  70 
0.1 

NOTE:  Va lues  shown i n  p a r t s  
N D  I n d i c a t e s  not  de t ec t ab le  cons t i tuent  per  m i l l i o n  unles-s 
+ O r d e r  c o n s i s t i n g  of four sheets f r o m  one heat 
torder c o n s i s t i n g  of s ix t een  sheets f rom one heat 

o t h e r w i s e  noted. 
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TABLE 21 

CHEMICAL IMPURITIES I N  Ta  WIRE 
(PPm) 

Material Ca 1 I 1 Si 1 Fe C r  

394 < 8  15 < 1 5  50 14 

400 < 8  11 < 1 5  46 14 

Identity 

I m  pu r i t y 

Ni 1 Cu I Mn 1 Mg I Sn IC0  1 Ti  1 P b  1 Z r  

6 < 5  <10 < l o  < 7  < 8  < l o  < l o  10 

8 < 5  < l o  < l O  <7  < 8  < l o  < 1 0  9 

C 

Cb 

Ca 

Fe 

H 

Mg 
Mo 

N 

N i  

0 
Si 

Ti  

W 

Z r  

< 30 

42 5 

< 10 

2 8  

1.3 

< 5  

< 10 

12 

< 10 

<50  

< 10 

< 10 

2 18 

<50  

~ ~~ 

Bottom 

< 30 

550 

< 10 

11 

1.2 

< 5  

< 10 

12 

< 10 

50 

< 10 

< 10 

220 

< 5 0  
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CORRIGENDUM TO NASA-CR-72820 

I 

J 

Page 

2 

8 

13 

39 

47 

67 

71 

71 

74 

75 

75 

79 

79 

Line Correction 

19 and 20 Ifmanos econds I T  should read "nanoseconds I '  

l a s t  line, et Sentence should read: Whereas Composition 5A 
seq. consisted of 247 fuel elements each containing 

6 rods and 7 large-diameter wires  of uranium, 
the fuel elements in the inner zone (Zone 1) of 
the power-flattened core contained 6 rods and 
only 1 wire, those in  the next zone (Zone 2) 
7 rods and no wires,  and those in the outer zone 
(Zone 3) 7 rods and 4 wires." 

29 

32 

13 

8- 12 

8 

20 

Table 5 

9 
28 

27 

bottom 

112.12511 should read  "2.2 15" 

Correc t  sentence to read: "Sets of seven identical 
samples of each of 16 different mater ia l s  . . . I1 

"avlueft should read "value I I  

Numbers 112,11 

l t ( l ) , l f  and lI(3)fl 

~ ~ l i n e l ~  should read ' t l i fe t t  

and l13It should read 11(2)," 

"Axial Reflector Solid Cylinder (247) 
read "Axial Reflector Solid Cylinder (494)." 
Also IIAxial Reflector Eccentric Cylinder (247)" 
should read IIAxial Reflector Eccentric Cylinder 

should 

(494) 

lI(0.498 in.)!! should read 1t(0.060 in.)!{ 

"0.5 I d t 1  should read "5 14" 

Add aster isk to end of sentence 

Add footnote a s  follows: >:A measurement  of the 
worth of polyethylene, which is 14.3770 by weight 
hydrogen, was made in the center of the power- 
flattened core,  along with a measurement  of the 
worth of a U235 foil ( see  Table 13, p 101). Accord- 
ing to these resul ts ,  the ratio of the specific worth 
of hydrogen (assuming the entire worth of poly- 
ethylene a r i s e s  f r o m  the contained hydrogen) to 
that of U235 is 33.4 rather  than 80 as  assumed above. 
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Page 

93 

126 

160 and 
16 1 

179 

206 and 
207 

197 

197 

Line Correction 

footnote 

Table 15, 
5 headings 

Table 28, 
8 he a ding s 

5 

Table 48 

8 

10 

"See page 111" should read "See page 95" 

( p ) should read tt(b (u) 

should read l l q ( u ) f l  
( 4 

110.050 in.11 should read tt0.060 in. 

Replace with corrected 2 pages which follow the 
Cor r ig end urn. 
Bars  in the margin indicate changes. 

Add clause, "where M = m a s s  of the host (gm)" H 
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TABLE 48 
PHYSICAL CHARACTERISTICS O F  REACTOR COMPONENTS 

B e 0  

B l  O 

Component 

C 

N b  

Mo 

Hf 

Ta  

W 

Re  
u235 

u2 38 

L a r g e  capsules  

Smal l  capsu le s  

Smal l  Reac t iv i ty  Samples  
6 Li 

7 L i  

BIO 

Hf 

Ta 

W 

Re 

"235 

u238 

Void capsule  

Void capsule  with mandr i l  

Pro ton- Recoi l  Fue l  E lemen t s  

T-1 11 Support  Sleeve 

Reac t iv i ty  Sample  Fue l  E lemen t s  

Ta 

Li3 N 

Mo 

7 

Upper  G r i d  P l a t e  

Sample  Holder  Tubes  (Ta )  

M o  Ref lec tor  (Top)  

M o  Ref lec tor  (Middle) 

Mo Ref lec tor  (Bottom) 

Mo Clad Simula tor  Tube 

0 s c  illator Rod 

(Sheet 1 of 2) 

Dimensions 
( cm)  

37.48 L by 1.31 D 

37.48 L by 1.34 D 

37.48 L by 1.31 D 

37.50 L by 1.27 D 

37.49 L by 1.32 D 

37.46 L by 1.32 D 

37.48 L by 1.32 D 

37.50 L by 1.31 D 

37.48 L by 1.34 D 

Var ious  a s semblages  of fuel rods  
w e r e  used  

37.48 L by 1.31 D 

37.59 L by  1.38 ODby 0.025 W 

7.46 L by 1.38 OD by 0.025 W 

5.08 L by 1.35 OD by 0.025 W 

5.08 L by 1.35 OD by 0.025 W 

5.33 L by 1.30 OD by 0.016 W 

4.85 L by 1.36 OD by 0.027 W 

5.49 L by 1.36 OD by 0.028 W 

5.43 L by 1.36 OD by 0.022 W 

5.08 L by 1.31 OD by 0.029 Wm 

5.49 L by 1.36 OD by 0.01 5 W 

5.42 L by  1.36 OD by 0.029 W 

28.11 L by  2.16 OD 
23.99L by  2.16 OD 
18 .59L by 2.16 OD 

3.81 L 

110.33 L by 1.49 OD by 0.025 W 

95.30 L bv 1.49 OD bv  0.025 W 

Unit M a s s  
(gm)  

145.783 (7)  
cladding 44.577 

54.193 (7) 
cladding 44.451 

86.441 (7) 

405.787 (7) 

517.830 (7) 

659.344 (7)  

845.857 (7 )  

966.379 (7)  

374.19 (7 )  

937.029 (7)  

43.295 (7) 

10.240 (35) 

0.258 
S S  4.708 

0.290 
SS 4.708 

0.816 
SS 4.708 

6.564 
S S  2.673 

9.918 
S S  2.674 

9.208 
S S  2.671 

7.962 
S S  4.709 

6.002 
SS 2.678 

11.217 
SS 2.677 

SS 2.677 

SS 4.680 
- 
- 
- 

163.22 

308.62 (9)  
40.45 (9)  

291.19 (9)  

1708.8 

234.03 

158.59 

158.49 

159.81 

41.89 

202.15 
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TABLE 48 
PHYSICAL CHARACTERISTICS O F  REACTOR COMPONENTS 

(Sheet 2 of 2) 

Dimens ions  Component (cm) 

F u e l  Rods  

Honeycomb Tubes  

Fue l  Tubes  

Li th ium Nitride 

T a  Fo i l  

T a  F o i l  Spacer  

W Fo i l  

Hf Fo i l  

Heavy U Wire 

F ine  U Wire  

Eccen t r i c  Mo Ref lec tors  

Solid Cylindrical  Mo Ref lec tors  

End Fi t t ings  ( a luminum)  

Rubber  Packing 

T a  Wire  (0.28) 

Ta  Wi re  (0.36) 

Ta  Centering Ring 

Mo Wire  Wrap 

Stee l  W i r e  Wrap 

T a  Absorbe r  Segment 

Mo Ref lec tor  Segment 

Trapezoida l  M o  F i l l e r  

Rod-Type Mo F i l l e r  
31 16 
41 16 
51 16 

Sc rammable  Radial  Ref lec tor  (Mo 
Sta t ionary  Radial Reflector (Mo) 
C o r e  F i l l e r  Segments (Mo) 
P r e s s u r e  Vessel Mockup 

120" sec to r s  
60"  sec to r s  

Mo Bolts 318 - 24 

Large  Reactivity Samples  

Li 

6 Li 

Li37N 

Be 

15.24 L by  0.43 D 

22.27 L by  0.43 D 

combined 37.51 L 

59.94 L(11)  by  2.16 OD by 0.025 W 

58.09 L(8) by 1.58 OD by 0.025 W 

37.34 L 
36.83 L by  0.014 thick 

37.46 L by 0.007 thick 

36.68 L by  0.007 thick 

36.83 L by  0.008 thick 

37 .47L by  0.152 D 
37.47 L by 0.067 D 
also by  0.061 D 

10.01 L (18)  by 2.09 OD by 1.60 ID 
e c c e n t r i c  by 0.040 

10.02 L (5 )  by  1.49 D (5)  

2.10 D by 0.32 t, 0.48 hole 

37.39 L by  0.28 D 

59.66 L by  0.36 D 

60.17 L 

60.17 L 

60.17 L 

60.10 L by 0.47 D 
60.12 L by 0.64 D 
60.12 L by 0.79 D 
59.74 L 
60.20 L 
60.17 L 

59.69 L by 0.69 thick 
59.66 L by 0.69 thick 
5.66 L by 0.95 D 
6.79 L by 0.95 D 

37.34 L by 1.28 D 

37.34 L by 1.28 D 

7.38 L by 1.28 D 

37.48 L by 1.34 D 

37.49 L by 1.31 D 

;::Number in parentheses  denotes the number  of s a m p l e s  used  to de t e rmine  
the d imens ion  o r  m a s s  under  d iscuss ion .  

Unit Mass 
(gm)  

42.275 (20)* 
60.147 (20 )  

102.422 

181.638 (247) 

131.178 (247) 

41.00 (250)  

90.07 (50) 

18.78 (50) 

61.34 (247) 

16.66 (247) 

13.49 

2.56 

145.71 (18) 

178.95 (60) 

9.14 
1.33 (8)  

38.61 (21) 

99.92 (17) 

1.74 (40) 

0.251 (40)  

0.105 (24) 

38,438 (6 )  

41,109 (6)  
2,758 (6) 

108.85 
195.00 
302.85 
66,063 ( 4 )  
67,512 ( 2 )  

1128.1 (10) 

39,720 ( 2 )  
20,441 ( 2 )  
47 ( 7 )  
53 (15 )  

26.9UL (7)  
cladding 44.739 

21.019 (7)  
cladding 44.11 1 

cladding 10.559 

39.830 (7)  
cladding 45.221 

93.749 (7)  
cladding 44.176 

4.827 (35) 
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